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PREFACE TO SECOND EDITION 

The kindly reception accorded the First Edition has con¬ 
firmed our original impression that a text of this type would 
be useful. This cordial reception and the many advances in 
organic and biological chemistry during the past five years have 
prompted us to prepare a second edition. 

While the order of presentation and purposes of the first 
edition have been retained in the present revision, many sec¬ 
tions have been rewritten to include new material or to secure 
better logic and clarity. In addition, we have deemed it neces¬ 
sary to add a number of new sections in order to incorporate 
some of the unprecedented developments that have occurred 
during the past five years as a result of wartime research. Some 
of the new sections added are those on antimalarials, fluorine 
compounds, silicones, mercaptans, penicillin, and the micro¬ 
biological assay of amino acids. 

In order to incorporate recent significant developments, 
it was necessary to rewrite and enlarge the sections on pe¬ 
troleum, the chemical structure of starch, and the structure of 
pectin. Other sections which have been revised extensively and 
in which new material has been added, include synthetic rub¬ 
bers, plastics, industrial uses of proteins, nylon, sulfa drugs, 
curare, and the d-l nomenclature. Whenever it has been neces¬ 
sary to discuss a controversial subject, we have made an honest 
effort to present the current point of view of the majority of the 
competent investigators in the field. 

An effort has been made to delete obsolete material, and 
condensation has been effected, where possible, in order not to 
increase unnecessarily the size of the book. 

The policy of emphasizing material of interest and use to 
students in premedical, predental, agricultural, home economics, 
and dietetics courses has been retained in this edition. 

Nothing is so helpful or stimulating to an author as the criti¬ 
cisms and suggestions of teachers and students who use his 
book. We are most grateful to those who have sent us their 
comments. They have been very useful to us in preparing this 
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second edition. Errors pointed out to us liave been corrected; 
possibly others remain. We would appreciate further criti¬ 
cisms and suggestions. These will aid, we hoiie, in increasing 
the usefulness of the book. 

We acknowledge with deep appreciation the able assistance 
of Mrs. Lois L. Reitz, Miss Maureen Wade, and Mrs. Evelyn 
Zerfing, who typed the material for the new edition. We are 
grateful to Mrs. Jennie M. Arnow for her aid in revising the 
index. 

L. Earle Arnow 
Henry C. Reitz 



PREFACE TO FIRST EMTION 


This book has been written because we believe there is a defi¬ 
nite need for it. Excellent elementary textbooks of organic 
chemistry and of biochemistry are available, but no other single 
brief volume, covering both these fields, is known to us. We 
have endeavored to include material that will be both useful 
and interesting to students in premedical, predental, home eco¬ 
nomics, agriculture, dietetics, and physical education courses, 
as well as to others who may be interested in the correlation of 
chemistry with biological sciences. 

Part I is a review of chemical fundamentals. It has been 
found that such a brief review often is helpful to students 
who are beginning their study of organic and biological chem¬ 
istry. It is not expected that it will be necessary for the in¬ 
structor to use class time to consider the material dealt with in 
Part I other than, perhaps, to assign it, and possibly to answer 
a few questions that may arise in the mind of the student after 
he has made an independent study of the chapters. 

Part II deals with the subject matter of organic chemistry. 
Experience with a large number of students has shown that one 
of the principal reasons some students find the subject matter 
of organic chemistry to be difficult is that they fail to use cor¬ 
rect methods of study. It is for this reason that suggestions of 
technics and methods for successful study have been included 
before the subject matter of Part II is presented. Every effort 
has been made to relate, in so far as possible, the study of organic 
chemistry to the everyday life of the student. Uses of organic 
compounds are stressed, and, in addition, the interrelationships 
of organic chemistry with the manufacture of many products 
with which the student is familiar are considered. Such topics 
of timely interest as synthetic rubber, plastic materials, ex¬ 
plosives and new textile fibers are discussed in connection with 
the organic compounds to which they are related. The topic of 
petroleum is presented in greater detail than is customary in 
most organic chemistry textbooks, because it is felt that the ever- 
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increasing number of products that are manufactured from this 
basic raw material warriuits such a treatment. 

Part III is a summary of tlio more important phases of metabo¬ 
lism and nutrition. The digestion, intermediary metabolism, 
and excretion of each of the major types of biological compounds 
(carbohydrates, lipids, proteins) have been treated as a unit; 
that is, we have followed a chemical, rather than the more usual 
physiological or anatomical, outline in preparing this section. 
This method of presentation has enabled us to save considerable 
space without, we believe, omitting essential material. Special 
chapters on digestion, absorption, blood, and excretion were 
made unnecessary. 

Selected references have been included at the end of most of 
the chapters. It is hoped tliat these will serve as an aid to those 
who are interested in securing more detailed information about 
the various topics discussed. Many key articles and review pa¬ 
pers selected contain long bibliographies that will assist the in¬ 
terested person in familiarizing himself with the original work 
in the particular field. An attempt has been made to include 
recent, pertinent articles, except where it was deemed necessary 
to refer to older articles in order to give background and un¬ 
derstanding for later developments. Standard textbooks, as 
well as advanced treatises and monographs, have been listed: 
they contain valuable discussions of topics that the limitations 
of space make impossible in this book. 

We wish to express our thanks to Dr. liichard H. Barnes, 
Dr. Leo T. Samuels, and Mr. and Mrs. John Brecher, who have 
read and criticized constructively portions of the manuscript. 
Deep appreciation is due to Professor R. A. Gortner and Profes¬ 
sor C. II. Bailey for suggestions and assistance in preparing 
outlines of courses taught by one of us (H. C. R.) upon which 
much of the material in Part II is based. We wish to thank 
Mrs. Lois L. Reitz for her assistance in typing a major portion 
of the manuscript. Lastly, we are grateful to Mrs. Jennie M. 
Arnow and Mrs. Sallie W. Martin for their aid in preparing 
the index. 

L. Eari.e Arnow 

Henry C. Reitz 
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PART I 

CHEMICAL FUNDAMENTALS IN REVIEW 


CHAPTER I 

CHEMICAL FACTS AND THEORIES 

Introduction. —Chemistry is a science that concerns itself 
with aP the countless materials of which our universe is made. 
The chemist is interested in the composition of these materials, 
in the changes in composition which they undergo, and in the 
underlying mechanisms by means of which these changes are 
accomplished. Modern civilization, as we know it, would not 
be a reality if many thousands of chemists, working in thou¬ 
sands of laboratories, had not learned to direct some of these 
changes, and, by means of them, to create new and useful things. 

Elements and Compounds. —Scientists have learned that 
everything occupying space and having mass (weight) is com¬ 
posed of one or more simple substances. These simple sub¬ 
stances, which cannot be made simpler by any sort of chemical 
procedure, are called elements. The elements known to exist 
in nature are listed on page 749. 

The new substance formed whenever two or more of these ele¬ 
ments combine, or unite chemically with each other, is called a 
compound. It has been estimated that more than 500,000 com¬ 
pounds have been prepared and studied. Compounds often dif¬ 
fer greatly in their chemical and physical properties from the 
elements of which they are composed. For example, when the 
elements iron and oxygen combine chemically with each other, 
iron rust (ferric oxide) is formed. Iron is a silvery metal and 
oxygen is a colorless gasj the rust which results from their 
union is a red-brown, crumbly solid. 

Ohemical Changes. —A chemical change is said to occur when¬ 
ever a change in chemical composition takes place. The forma¬ 
tion of rust is an example of such a change. The union of ele- 
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merits to form a compound, the breaking down of a compound 
to form elements, and the formation of new compounds by re¬ 
actions involving other compounds or elements are all chemical 
changes. In contrast to physical changes (such as the melting 
of ice or the movement of wind), chemical changes cannot be 
reversed except by altering the composition of the substances 
formed as a result of the change. 

Catalysts, —The speed with which a chemical reaction 
(change) takes place often can be accelerated or slowed by the 
addition of a suitable substance, called a catalyst, to the reacting 
materials. Catalysts themselves are not permanently altered 
by the reaction, and do not influence the compositions of the new 
substances formed; they merely cause them to be produced faster 
or slower, as the case may be. Most of the important chemical 
changes that tal^e place in our tissues would be slow indeed if 
nature had not provided us with efficient catalysts known as 
enzymes. Some types of stainless steel contain small amounts 
of the catalysts nickel and copper. The presence of these two 
elements causes the union of the iron in the steel with the oxy¬ 
gen of the air to proceed so slowly that no appreciable formation 
of rust can be observed even after many years. 

The Atomic Theory. —The atomic theory, first stated early 
in the last century by the Englishman John Dalton, is accepted 
by all modern chemists. According to this theory, all elements 
are composed of tiny, discrete particles called atoms. Some of 
the more important properties of atoms are listed below; 

1. The atoms of any one element are different in weight and 
in chemical properties from the atoms of all other elements. 

2. Each of the atoms of any one element undergoes exactly 
the same types of chemical reaction as do other atoms of the 
same element. 

3. The individual atoms of a single element may vary, usually 
only slightly, in weight. Thus, an uncommon type of carbon 
atom weighs thirteen-twelfths as much as the more abundant 
type. However, tlie average weight of the atoms of an element 
is always the same for all natural samples of the element. 
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4. Atoms are in constant motion. The speed of this motion 
depends on the temperature; it increases when the temperature 
is raised, .and decreases when the temperature falls. Theo¬ 
retically, all linear motion of atoms should cease at a tem¬ 
perature of approximately -273® C. (absolute zero). Scientists 
have not yet succeeded in reaching the absolute zero, although 
temperatures only a fraction of a degree above it have been at¬ 
tained. 

5. Under proper conditions most atoms have the ability to 
combine firmly with one or more other atoms. The new particles 
formed by such unions are called molecules. A molecule, then, 
is the smallest single particle of a compound. A sample of the 
compound water is made up of billions of molecules, each of 
which contains two hydrogen atoms and one oxygen atom firmly 
united together. 

6. Only whole atoms can take part in chemical reactions. 

Atomic and Molecular Weights. —Chemists have found it 

convenient to adoi)t a scheme of relative weights of atoms. Oxy¬ 
gen, which has been assigned an atomic weight of 16, is the 
standard element for the determination of these weights. For 
example, the atomic weiglit of helium is 4, because the average 
weight of an atom of helium is only one-fourth that of an oxygen 
atom. Since, on the average, a sulfur atom weighs twice as much 
as an oxygen atom, the atomic weight of sulfur is 32. A com¬ 
plete table of atomic weights will be found on page 749. 

Molecular weights are calculated by finding the sum of the 
atomic weights of each of the atoms combined in a molecule. 
The sulfur dioxide molecule contains one sulfur atom and two 
oxygen atoms. Since the atomic weight of sulfur is 32, and that 
of oxygen is 16, the molecular weight of sulfur dioxide is 64 
(32-f 16+ 16). 

Atomic weights of elements, expressed in grams, are called 
gram-atomic weights. Molecular weights of compounds, ex¬ 
pressed in grams, are called gram-molecular weights, gram moles, 
or moles. Thus, 16 g. of oxygen is a gram-atomic weight of this 
element, and 64 g. of sulfur dioxide is a gram-molecular weight 
(mole) of this compound. 
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An important law (Avogadro’s law) states that gram-atomic 
weights, or gram-molecular weights, of chemical substances con¬ 
tain the same number (6.06 x 10^^) of atoms or molecules, as 
the case may be. We have learned already that a molecule of 
sulfur dioxide is four times as heavy as an atom of oxygen. 
Avogadro's law merely tells us that 6.06 x 10^^ molecules of 
sulfur dioxide weigh four times as much as 6.06 x 10^® oxygen 
atoms. Stated in a different manner, the low predicts that 64 
g. of sulfur dioxide (one gram-molecular weight) will have the 
same number of molecules as there are atoms in 16 g. of oxygen 
(one gram-atomic weight), since the ratio of weights is 4 to 1. 

The Supposed Structure of the Atom. —All atoms are be¬ 
lieved to be composed of exceedingly tiny particles of matter, 
called subatomic particles. Some of these particles have a neg¬ 
ative electrical charge, some are electrically neutral (i.e., have 
no charge), and some are positively charged. The subatomic 
particles that have been postulated are given in Table I. 


Table I 

Subatomic Particles 



POSITIVE CHARGE 

NEGATIVE CHARGE 

NO CHARGE 

Heavy 

Proton 

(Negative proton)* 

Neutron 

Intermediate 

Positive meson 

Negative meson 

(Neutral meson) * 

Light 

Positron 

Electron 

(Neutrino) t 


•Particles in parentheses have not been proved to exist. 
tSorne scientists think of the neutrino (not yet proved to exist) as a 
particle of energy rather than of mass. 


It is probable that most, if not all, stable atoms are made 
of electrons, protons, and neutrons. The other types of particle 
most likely are formed only when atoms are disintegrated 
(i.e., torn apart) by a suitable procedure, such as bombarding 
them with a stream of neutrons. Practically the entire weight 
of an atom is due to its protons and neutrons, since each of these 
particles weighs about 1,800 times as much as an electron. 

The atomic protons and neutrons are located somewhere near 
the center of the atom, in a region called the nucleus. Revolving 
around this nucleus in concentric orbits are the electrons. Some¬ 
times they are called plagiary electrons, because they revolve 
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around the nucleus much as the planets revolve around the sun. 
The electrons are not scattered indiscriminately about the nu¬ 
cleus ; instead, they are located in definite orbits. The first orbit, 
that is, the one closest to the nucleus, can contain no more than 
2 electrons. The second orbit is filled when it contains 8 elec¬ 
trons. The number of electrons that can exist in the remaining 
orbits is more variable and complicated, and we need not con¬ 
cern ourselves with them. 

If the 92 elements are arranged in the order of their atomic 
weights, it is possible to assign each of them a number, called 
the atomic number. The lightest clement, hydrogen, has an 
atomic number 1; uranium, the heaviest natural element, has an 
atomic number 92. We believe today that the atomic number 



Fig. 1.—Diagram illustrating the supposed structure of the oxygen atom. 

How many neutrons are thought to be present in the nucleus of this atom? 

has a fundamental significance: it indicates the number of plan¬ 
etary electrons present in the atom. For example, when we learn 
that the atomic number of oxygen is 8 (see page 749), we know 
at once that the oxygen atom has 8 planetary electrons. Since 
the first electron shell (orbit) can hold only 2 electrons, 6 of 
the 8 electrons of oxygen must be in the second shell. Now, 
under ordinary circumstances, atoms are electrically neutral; 
that is, they possess equal numbers of positive and negative 
electrical charges. It follows, then, that the nucleus of the oxy¬ 
gen atom must have a charge of 8+, because 8 negative charges 
are carried by the 8 planetary electrons (each electron has a 
charge of 1-). With these facts in mind, it becomes possible to 
draw a diagram of the oxygen atom (see Pig. 1). 

The atomic weight of oxygen is 16. We interpret this to mean 
that the nucleus of an oxygen atom contains 16 heavy’' sub- 



26 


ORGANIC AND BIOLOGI(^\L CJIKMISTRY 


atomic particles. Eight of these particles are protons. This 
accounts for the nuclear charge of 8+, since each proton has a 
charge of 1+. The other 8 particles are thought to be neutrons, 
which have no electrical charge. 

Sodium has an atomic weight of 23 (approximately) and an 
atomic number of 11. The sodium atom, then, must have 11 
planetary electrons (2 in the first shell, 8 in the second shell, 
and 1 in the third shell). Its nucleus contains 11 protons; 
hence its nuclear charge must be 11+. If we remember that the 
sum of the protons and neutrons in the nucleus must equal the 
atomic weight, it becomes clear that the sodium nucleus con¬ 
tains 12 neutrons. A diagram of the sodium atom is shown in 
Fig. 2. 



Fig. 2,—Diagram illustrating the supposed structure of the sodium atom. 

How many protons are thought to be present In the nucleus of this atom? 

Isotopes.— The .atomic weight of chlorine is 35.46. How 
many ^ ^heavysubatomic particles are we to suppose are pres¬ 
ent in the nucleus of the chlorine atom? Are 36 such particles 
present, or are there only 35 ? It has been found that two dif¬ 
ferent kinds of chlorine atom exist. Both kinds have 17 plane¬ 
tary electrons and 17 protons in the nucleus. Both have nearly 
identical chemical properties. However, one kind has 18 neu¬ 
trons in its nucleus; the other type has 20. The atomic weight 
of the light chlorine atom is 35 (17 protons and 18 neutrons); 
the heavy atom has an atomic weight of 37 (17 protons and 20 
neutrons). The figure, 35.46, therefore indicates the average 
number of ‘' heavy subatomic particles present in the atoms 
contained in a sample of chlorine. These two forms of chlorine 
are called isotopes. Probably all elements exist in the form of 
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isotopes, l^'undanientally, isotopes differ from each other in one 
way only: the nuclei of their atoms contain slightly different 
numbers of neutrons. 

Atomic Energy. —The nucleus of an atom, under ordinary circum¬ 
stances, probably contains only prolons and neutrons (see page 24). 
Since the protons are positively charged, and since like electrical charges 
repel each other, it will be apparent that an enormous amount of energy 
would be required to bring protous as close to each other as they must 
be in an atomic nucleus. If it is remembered that energy cannot be 
destroyed, it is evident that this vast store of energy would be released 
if the protons were separated from each other—that is, if the nucleus of 
the atom were broken up into the individual subatomic particles of which 
it is made. It can be calculated tliat 1 g. of helium, one of the lightest 
elements, contains sufficient nuclear energy to run an ordinary 100-watt 
light bulb for about 30,000 years. In recent years it has been found 
possible to cause the nuclei of some of the heaviest atoms to split, thus 
releasing a portion of the nuclear energy contained within them. One 
method of doing this is to bombard an isotope (see page 20) of uranium, 
known as uranium 235 (or, U235) because its atomic weight is 235, with 
neutrons. When the neutrons strike IJ235 nuclei, the nuclei are broken into 
smaller pieces and energy is released. This nuclear ‘‘explosion^’ also 
causes the release of more neutrons, and these can then cause other 11235 
nuclei to ^‘explode.Under ideal conditions, this results in what is known 
as a chain reaction; that is, the process continues automatically until col¬ 
lisions of neutrons and nuclei no longer occur with sufficient frequency to 
allow the process to go on. In order for a chain reaction to occur, the 
mass of U235 must be sufficiently great so that the neutrons produced 
cannot escape without striking a nucleus. Probably the atomic bomb used 
in the recent war contained two or more pieces of U235 of insufficient mass 
to allow a chain reaction to occur. At the time of explosion, presumably 
these masses were brought together to make one large mass, which then 
exploded as a result of the chain reaction. 

Four new elements, all heavier than uranium (the heaviest naturally 
occurring element), have been made in the laboratory as the result of 
studies of nuclear energy and nuclear splitting. They have been named 
neptunium (atomic number 93, atomic .symbol Np), plutonium (atomic 
number 94, atomic symbol Pu), americium (atomic number 95, atomic 
symbol Am), and curium (atomic number 96, atomic symbol Cm). Plu¬ 
tonium has been found to be even more useful for the production of nuclear 
explosions than is U235. 

Atomic and Molecular Symbols.—Chemists have developed a 
shorthand of their own. Each element has been given a symbol 
consisting of one or two (but never more) letters. If the atomic 
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symbol contains two letters, the first letter is capitalized, but the 
second one is not. If the symbol is one letter only, it is always 
capitalized. Some illustrative atomic symbols are given in 
Table 11. A complete list of them will be found on page 749. 

Table II 

Symbols and Valences of Some Elements 


NAME 

SYMBOL 

USUAL VALENCE 

Metals 

Aluminum 

A1 

3f 

Barium 

Ba 

2+ 

Calcium 

Ca 

2+ 

Copper 

Cu 

1+ or 2+ 

Iron 

Fe 

2+ or 3+ 

Lead 

Pb 

2+ 

Magnesium 

Mg 

2-f- 

Mercury 

Hg 

1+ or 2-}- 

Potassium 

K 

1-h 

Silver 

Ag 

1-f 

Sodium 

Na 

1+ 

Zinc 

Zn 

2-^ 

'Non-metals 

Bromine 

Br 

1- 

Chlorine 

Cl 

1- 

Fluorine 

F 

1- 

Hydrogen 

H 

1+ 

Iodine 

I 

1- 

Oxygen 

0 

2- 

Sulfur 

S 

2-, 4+, or 6+ 


Some of the atomic symbols are derived from the Latin names 
of the elements. For example, the Latin name for iron is 
ferrum; for mercury, hydrargyrum; and for silver, argentum. 
The atomic symbol is more than a mere abbreviation for the 
element. Ca means calcium, but it means also 1 atom of calcium, 
or 1 gram-atomic weight of calcium. Three atoms of iron, or 3 
gram-atomic weights of iron, may be indicated with the short¬ 
hand expression, 3 Fe. Notice that whenever we wish to in¬ 
dicate only 1 atom, the figure 1 is not written. The figure 1 is 
never written in chemical shorthand. 

The symbols for molecules are written as suitable combina¬ 
tions of atomic symbols. The number of any one type of atom 
present in one molecule is indicated by writing a small subscript 
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number after the atomic symbol. A molecule of cane sugar con¬ 
tains 12 carbon atoms, 22 hydrogen atoms, and 11 oxygen atoms. 
Therefore, the formula for ‘‘1 molecule of cane sugaris 
C 12 H 22 O 11 . If we wish to indicate 5 molecules, or 5 gram moles, 
of cane sugar, we use the symbol, 5 C 12 H 22 O 11 . The abbreviation 
for ^‘10 molecules of water’’ or for '‘10 gram moles of water” 
is 10 H 2 O. The molecular formula H 2 O tells us that each mole¬ 
cule of water contains 2 hydrogen atoms and 1 oxygen atom. 

The Chemical Equation. —The chemical equation is used as a 
shorthand method of describing what happens when chemical 
substances react to form new substances. Suppose we write 
an equation for the reaction between silver fluoride (AgF) and 
barium chloride (BaCl 2 ) to form barium fluoride (BaPg) and 
silver chloride (AgCl) : 

Step 1. First, we write down the fonnulas (molecular sym¬ 
bols) for silver fluoride and for barium chloride, separating them 
by means of a 4- sign. 

AgF + BaClj —^ 

Since we do not yet know how many molecules (or gram moles) 
of each compound will be required for the reaction, we start with 
only 1 molecule (or gram mole) of each. The arrow is used to 
separate the reacting molecules from the new substances formed 
by the reaction (see Fig. 3, a and 6). 

Step 2. On the right of the arrow, we write the formulas for 
the new substances formed by the reaction (see Fig. 3 c). 

AgF + BaCl, BaF, + AgCl 

Step 3, An important law, known as the law of conservation 
of matter, tells us that atoms can neither be created nor de¬ 
stroyed by chemical reactions; that is, the number and kind of 
atoms must be the same both in the reacting compounds and in 
the new products formed. In other words, there must be the 
same number and kinds of atoms on both sides of the arrow. 
As our third step, then, we must balance the equation. Inspec¬ 
tion of the equation, as it now stands, shows us that only 1 
fluorine atom is on the left of the arrow; 2 fluorine atoms are 
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on the right. Since each molecule of silver fluoride contains 
only 1 fluorine atom, it becomes apparent that the above re¬ 
action cannot take place unless 2 molecules of silver fluoride are 
present. Accordingly, we modify the equation to read (see 
Fig. 3 d): 

2 AgF + BaCl, BaF, + AgCl 



Fig. 3.—Diagram illustrating the steps employed In writing and balancing a 
chemical equation. Why must the equation be balanced? 
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This takes care of the fluorine, but further inspection shows 
us that, whereas 2 silver atoms are indicated on the left of the 
arrow, only 1 of them is shown on the rij?ht. Obviously, 2 mole¬ 
cules of silver chloride must be formed by the reaction; in no 
other way could 2 silver atoms be present when the reaction is 
completed. If we indicate this (Pig. 3 c), the equation reads: 

2 AgF + BaCl, -» BaF, + 2 AgCl 

Since the number and kinds of atoms are now the same on both 
sides of the arrow, the equation is completed. It tells us that 
2 gram moles of silver fluoride (325.82 g.) will react with 1 
gram mole of barium chloride (208.27 g.) to form 1 gram mole 
of barium fluoride (175.36 g.) and 2 gram moles of silver chlo¬ 
ride (286.68 g.). 

Radicals. —Sometimes groups of atoms tend to cling together 
and to act in chemical reactions as though they were really only 
one atom. Such groups of atoms are called radicals. The re¬ 
action between sodium carbonate and calcium chloride may be 
written as follows: 

Na^CO, + CaCl, 2 NaCl + CaCO, 

Sodium Calcium Sodium Calcium 

carbonate chloride chloride carbonate 

Here the COg group of atoms (the carbonate radical) has traded 
sodium atoms for a calcium atom. Some typical radicals are 
listed in Table III. 

Valence. —When we examine the formulas for the following 
compounds, it becomes evident that different atoms have dif¬ 
ferent abilities to combine with other atoms. 

HCl H,0 NH, CH, . 

Hydrochloric Water Ammonia Methane 

acid 

One atom of chlorine (Cl) can combine with only 1 atom of 
hydrogen (H); an oxygen (0) atom can combine with 2 hy¬ 
drogen atoms; a nitrogen atom (N) can unite with 3 such 
atoms; and a carbon atom (C) can unite with 4 hydrogen atoms. 
If an element will combine chemically with hydrogen, the num¬ 
ber of hydrogen atoms that will unite with 1 atom of the element 
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is called the valence of the element. If an element will not com¬ 
bine with hydrogen, its valence must be found by analogy. For 
instance, the formula for sodium chloride is NaCl. Sodium 
ordinarily will not combine with hydrogen. However, since 1 
atom of either hydrogen or sodium can combine with only 1 
atom of chlorine, we reason that both sodium and hydrogen have 
the same valence. Since the valence of hydrogen is 1, the valence 
of sodium also must be 1. 

Hydrogen and the elements or radicals that will not combine 
with hydrogen are said to have positive valence; other elements 
and radicals are said to have negative valence. When an ele¬ 
ment is not combined with any other element, we say it has zero 
valence. For example, the oxygen of the air has zero valence, 
but, when oxygen combines with hydrogen to form water, its 
valence becomes 2-. The valences of some important elements 
and radicals are listed in Tables II and III. 


Table ni 

Symbols and Vaijesnces op Some Radicals 


NAME 

SYMBOL 

VALENCE 

Ammonium 

NH, 

1+ 

Bicarbonate 

HCO, 

1- 

Carbonate 

CO, 

2- 

Hydroxyl 

OH 

1- 

Nitrate 

NO, 

1- 

Nitrite 

NO, 

1- 

Phosphate 

PO, 

3- 

Sulfate 

SO, 

2- 

Sulfite 

SO, 

2- 


Elements or radicals with positive valence will combine only 
with elements or radicals that have negative valence. In every 
molecule there must he an equal number of positive and negative 
valences. 

Certain elements, known as the rare gases, are so stable chem¬ 
ically that they will not combine with other elements to form 
compounds. Diagrams of the atoms of these elements are shown 
in Fig. 4. Notice that all of them, except helium, have 8 elec¬ 
trons in the outer electron shell. (Even in the case of helium, 
the outer shell is filled; remember that the first shell can con- 
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tain only 2 electrons.) This leads us to suppose that atoms are 
most stable when their outer shells contain 8 electrons. Fig. 5 
illustrates what happens when a sodium atom combines with a 
chlorine atom to form a molecule of sodium chloride. The 
sodium atom, which has only 1 electron in its outer shell, gives 
this electron away, and thus arranges itself so that its new outer 
shell contains 8 electrons. The chlorine atom, which has only 
7 electrons in its outer shell, takes the electron from the sodium 
atom, and thus fills its outer shell. Since sodium has lost one 
negative charge (an electron), it is said to have a valence of 1+; 
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d. KRYPTON e. XENON f. RADON 

Fiff. 4.—Diagrams Illustrating the supposed atomic structures of the rare 
gases. WUiat Is the valence of one of these gases? 


chlorine, which has gained one negative charge, is said to have 
a valence of 1- Opposite charges of electricity attract one an¬ 
other; the positively charged sodium atom and the negatively 
charged chlorine atom attract each other and unite, or stick to¬ 
gether, to form the sodium chloride molecule. This type of 
valence, in which atoms actually gain or lose electrons, is called 
electrovalence. 

In some cases, when atoms combine they do not give away or 
receive electrons; instead, they merely share electrons with 
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ea('li other. This type of valenee, ealled covalence, is illustrated 
in h. Notice that. ea(‘h hydroj^en atom shares its single 

('leetroii witli llie oxygen atom. In tiinp tlie oxygen atom shares 
1 of its () outer electrons with ea('h of the 2 liydrogen atoms. As 
a result of tliis coo])(U'at ion each atom suc(*eeds in filling its onteT* 
shell. 



SODIUM 

ATOM 


CHLORINE 

ATOM 


SODIUM CHLORIDE 
MOLECULE 


Fig. 5.—Diagram illustrating the union of a sodium atom and a chlorine 
fjloni to form a .sodium ohlorido molecule. What happen.^ to the sodium atom 
(hiring the j'eaclion? 



HYDBOGEN 

ATOM 



OXYGEN 

atom 



WATER 

MOLECULE 


Fig. ().— Diagranhs illustrating the supposed structures of the hydrogen 
atom, the oxygen atom, and the water molecule. How (iot\s covalence differ 
I'roiii electrovalrnce? 


Ionization.—When eei'tain compounds, called elecirolytcs, 
are dissolved in water, the solutions formed wdll conduct an 
(^lcctri(‘. current, Other compounds, called non-electrolytes, do 
not have this ability. In 1887 Arrhenius, a Swedish chemist, 
formiilaled the theory of ionization. This theory assumes that 
when electrolytes are dissolved in water, some of their molecules 
split apai't into separate particles. These particles are assumed 
to be the atoms or radicals of which the molecules are composed, 
except that, in separating from each other, the atoms or radicals 
acquire an electric charge equal to their valence. The electrolyte, 
NaoSO^, contains 2 sodium atoms (valence 1+) and 1 sulfate 
radical (valence 2-) in each molecule. When this substance is 
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dissolved in water, some of its molecules arc thought to dissociate 
(split apart), as indicated by the following ionization equation: 

Na,SO, 2 Na+ + SO,— 

Eacli of the charged sodium particles (sodium ionn) has a cliarge 
ccpial to its valence (If). The sulfate particle, called a sulfalc 
ion, has a charge of 2~, since its valence is 2-. The electric cur¬ 
rent is assumed to be conducted across the solution by these 
charged ions. 

A double arrow was used in writing the above ionization equa¬ 
tion. Whenever 2 sodium ions and a sulfate ion '‘bump^’ or 
come together in the solution, a sodium sulfate molecule 
(NagSOi) is formed. After a short space of time this molecule 
again dissociates into ions. The double arrow, then, indicates 
that both molecules and ions are being formed constantly in the 
solution. 

If we refer again to Ifig. 5, we see that the sodium chloiide 
molecule is really composed of a sodium ion united to a chloride 
ion. If sodium chloride is dissolved in water, the ions of wliicli 
the molecule is composed separate, as indicated by the ioniza¬ 
tion equation: 

NaCl Na+ f Cl- 

Electrolytes, then, are substances whose molecules contain atoms 
or radicals united to each otlier by electrovalence. If the mole¬ 
cules of a substance contain only covalent linkages, the sub¬ 
stance is a non-electrolyte. 

Acids, Bases, and Salts. —Electrolytes are classified as acids, 
liases, or salts. Acids form hydrogen ions in solution; bases 
(alkalies) form hydroxide ions (OH") in solution; and salts in 
solution form neither hydrogen nor hydroxide ions. Examples 
of acids, bases, and salts are given in Table IV. 

Salts and water are formed whenever acids react with bases. 
This type of reaction is called a neuiralizalion reaction. 


HCl + KaOlI NaCl + H,0 
H,SO, f Ba(OH), BaSO, f 2 H^O 
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Table IV 

Some Acids, Bases, and Salts 


Adds 


Hydrochloric acid (muriatic acid) 
Sulfuric acid (oil of vitriol) 

Nitric acid (aqua fortis) 

Phosphoric acid (orthophosphoric acid) 
Carbonic acid (CO 3 in water forms 
traces) 

Acetic acid (acid in vinegar) 

HCl ^ H^ -t- Cl- 
H,SO, 2 H+ + SOr - 

HNO, H+ + NO,- 

H,PO, ?=± 3 H+ + POr - - 
H,CO, H+ + HCO,- 

CH,COOH ?:± OH 3 COO- -h H+ 

Bases 


Sodium hydroxide (caustic soda) 
Potassium hydroxide (caustic potash) 
Calcium hydroxide (slaked lime; solu¬ 
tion known as lime water) 

Ammonium hydroxide (solution known 
as ammonia water) 

NaOH ^ Na+ OH- 
KOH ^ K* OH- 
Ca(OH )3 ?:± Ca+ + + 2 OH- 

NH,OH ^ NH/ + OH- 

Salts 


Sodium chloride (table salt) 

Potassium sulfate 

Calcium sulfate (gypsum; alabaster; 
known as plaster of Paris when dry) 

NaCl Na+ + Cl- 

K 3 SO, 2 K+ + SO,-- 

CaSO* Ca++ - 1 - SO^-- 


Oxidation and Reduction. —Chemical reactions accompanied 

by a change in valence are called oxidation-reduction reactions. 
If no change in valence results, the reaction is a metathetic 
reaction. The substance that gains positive valence is oxidized, 
and the substance that loses positive valence (i.e., gains negative 
valence) is reduced. Oxidation never occurs without a simul¬ 
taneous reduction. 

When zinc reacts with hydrochloric acid, zinc chloride and 

hydrogen gas arc produced. 

0 1 + 1 - 8 + 1 - « 

Zn + 2 HCl ZnCl, + Ha 

If we remember that elements that are not combined with other 
elements have zero valence, it is clear that the valence of zinc 
changes from 0 to 2+ when the above reaction takes place. Since 
this represents a gain in positive valence, zinc is oxidized. On 
the other hand, the valence of hydrogen changes from 1+ to 0. 
Therefore, hydrogen is reduced, because it loses positive valence. 
Chlorine is neither oxidized nor reduced; its valence does not 
change. 
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When hydrogen reacts with oxygen, the hydrogen is oxidized 
and the oxygen is reduced. 

0 0 i+»- 

2 H. + O, 2 H,0 

Two useful rules to remember are these: (1) Any substance 
that gains oxygen or loses hydrogen has been oxidized, (2) Any 
substance that gains hydrogen or loses oxygen has been reduced. 

Substances that are themselves reduced in chemical reactions 
are called oxidizing agents, because they bring about the oxida¬ 
tion of another substance. In the above example, oxygen was an 
oxidizing agent, because it caused the oxidation of the hydrogen. 
Reducing agents are oxidized in chemical reactions, and thus 
cause the reduction of some other substance. Hydrogen acted 
as a reducing agent in the foregoing example. 

Study Questions 

1. Give definitions for the following; cliemistiy, element, compound. 

2. How many elements are known to exist in nature? 

3. Give three illustrations of chemical change. How does a chemical 
change differ from a physical change? 

4. What is a catalyst? What are enzymes? 

5. Who first stated the atomic theory? 

6 . List six important properties of atoms. 

7. At what temperature should all linear atomic motion cease? Have 
scientists succeeded in reaching this temperature? 

8 . Define: atom, molecule, 

9. What is the atomic weight of oxygen? What element is used as a 
standard for the determination of atomic weights? 

10. How do you define molecular weight?* 

11 . Calculate the molecular weights of the following compounds; NajSO^, 
CaS, NaHCO.. 

12. Define; gram-atomic weight, gram mole, mole. 

13. State Avogadro^s law. How many molecules are there in one mole 
of sodium chloride? In one mole of potassium nitrate? 

14. Name nine subatomic particles. Which of these have not yet been 
proved to exist? 

15. Carbon has an atomic numbr of 6 and an atomic weight of 12. Draw a 
diagram of the carbon atom. 

16. How many protons are there in the nucleus of the carbon atom? How 
mahy neutrons? 

17. How many electrons can be present in the first electron shell of an 
atom? In the second electron shell? 
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18. Miike lip a definition for an isotoi)e. Give a reasonable explanation for 
the fat't that the atomic weight of cadmium (112.41) is not a whole 
number, 

19. Jdst atomic syjiibols for the following elements: aluminum, copper, 
mercury, silver, zinc, bromine, sulfur, hydrogen, and iodine. 

20. Write the shorthand expression for ‘Gi gram moles of magnesium.^’ 

21. What tigure is never written in (diemical shorthand? 

22. Ilalance the following equations: 

HaOL + K.GOa -> KCl + BaCOa 
NaOH I IT,SO, Na,SO, + H,0 

2,‘l. (.'omplete and balance the following equation: 

ZnC'h t ILS 

24. State the law of conservation of matter. 

2;"). What is a radical? Give shorthaml expressions for the following radi¬ 
cals: ammonium, sulfate, nitrate, phosphate, carbonate. 

20. Make up a definition for valence. 

27. As a rule, metals will not combine with hydrogen. Would you expect 
the valence of jnost- metals to be positive or negatives? 

28. Write formulas for com})ounds comj)ose<l of: 

(a) Oahduni and bromine. 

(b) Aluminum and oxygen. 

(c) Potassium and tlie nitrate radical. 

29. Explain the differemte between electrovaience and covalence. 

20. What is the most probable valence of an element whose atoms have 
only two electrons in their outer election shells? 

21. Define: electrolytes, non-electrolytes, ion, ionization. 

22. Who first formulated the theory of ionization? 

23. Write ionization equations for the following electrolytes: Ca(NOj,).„ 
NaHCO,, KBr. 

24. Why is a double arrow used in writing ionization equations? 

25. What type of valence linkage must be present in the molecules of an 
electrolyte? 

.‘U>. Deline: acid, base, salt. Give three examples of each. 

27. Write three equations illustrating neutralization reactions. 

28. Define: oxidation-reduction reaction, metathetic reaction, 

29. Whal is oxidized when zinc «'ombinos with sulfur to form zinc sulfide? 
Wliat is reduced? 

40. Can oxidation ever occur without reduction? 

41. When sugar combines with oxygen in the body, is the sugar oxidized 
or reduced? 

42. Define: oxidizing agent, reducing agent. Give three examples of each. 



CHAPTER 11 

PARTICLES IN SOLUTION 

Solutions- -Intimate mixtures of molecules, atoms, or ions 
are called solutions. If a lump of sup^ar is placed in the bottom 
of a cup of coffee, the individual sugar molecules will diffuse in 
all possible directions (remember tliat molecules and atoms ar(i 
in constant motion) until, very soon, the average number of 
sugar molecules in every tcaspoonful of coffee will be the same. 
We say the sugar lias dissolved in the coffee. Sugar, the sub¬ 
stance that Avas dispersed in the coffee, is the solute; coffee, the 
liquid in which the solute was dispersed, is the solvent. 

Chemical substances and mixtures can exist as liquids, gases, 
or solids. For this reason, a number of types of solution are 
possible. For example, the air we breathe is a solution com¬ 
posed of gases dissolved in other gases. The amalgams used in 
filling decayed teeth are solutions of metals in other metals 
(solids in solids). Most of the solutions in which we shall be 
interested, however, will be composed of solids dissolved in 
liquids, liquids dissolved in other liquids, or gases dissolved in 
liquids. 

Temperature has a marked effect on the solubility of solutes 
that is, on the amount of solute that can be made to go into 
solution in a given volume of solvent. As a general rule, solu¬ 
bility is increased by raising the temperature. Although only 
13 g. of potassium nitrate will dissolve in 100 cc. of water at 
0° C., 247 g. can be made to dissolve in the same volume at 
100° C. Gases are exceptions to this general rule, because the 
solubility of a gas in a liquid is greatest when the temperature is 
low. Many gases are almost insoluble in water at 100° C. Cal¬ 
cium hydroxide is another exception. A total of 0,17 g. of this 
substance will dissolve in 100 cc. of water at 15° C.; only 0.077 
g. can be dispersed in the same volume of water at 100° C. 
Limewater is a solution of calcium hydroxide. 

Methods of Expressing Concentrations of Solutions. — Per¬ 
centage solutions. The term ''per cent’' is a contraction of the 
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Latin phrase, per centum, which means ^‘in one hundred/’ A 1 
per cent (1%) solution contains one part of solute in 100 parts 
of solution. If 10 g. of sodium chloride (table salt) are dissolved 
in enough water so that the weight of the solution is 100 g,, the 
resulting solution is described as a 10 per cent ly weight solu¬ 
tion of sodium chloride. If, on the other hand, 100 cc. of solu¬ 
tion contain 10 g. of salt, the solution is a 10 per cent by volume 
solution. Notice that the phrases, by weight and by volume, 
tell us whether the one hundred parts of solution are measured 
in weight units (g.) or in volume units (cc.). If we fail to write 
down one of these phrases, we imply that the solution was pre¬ 
pared by dissolving the solute in enough solvent to make 100 g. 
of solution. 

Molar solutions. When one mole of a substance is dissolved in 
enough solvent to make a volume of one liter, the solution formed 
is called a molar (1 M) solution. The molecular weight of KCl 
is 74.55. A 0.1 M solution of this compound is prepared by 
weighing out 7.455 g. of KCl, placing it in a suitable container, 
and dissolving it in sufficient water to make a final volume of 
one liter. This method of expressing concentration is useful to 
the chemist, since it enables him to obtain the number of moles 
(or fractions of a mole) he requires simply by measuring a vol¬ 
ume, a procedure much quicker than weighing the substance 
on a delicate chemical balance. 

Normal solutions. The equivalent weight, or gram-equivalent 
weight, of a substance (element or compound) is that weight 
which will furnish, react with, or displace one gram-atomic 
weight (1.0081 g.) of hydrogen. Methods for calculating 
equivalent 'weights will be described briefly. 

1. Equivalent weights of elements. The valence of combined 
hydrogen is unity (1+). Therefore, one gram-atomic weight of 
hydrogen will combine with, or will be displaced by, exactly one 
gram-atomic weight of other elements whose valence is 1. Ele¬ 
ments whose valence is 2 can combine with, or displace, ex¬ 
actly two gram-atomic weights of hydrogen, and so on. There¬ 
fore, the equivalent weight of an element can be calculated by 
dividing its gram-atomic weight by its valence. For example, the 
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atomic weight of iodine is 126.92, Since the valence of combined 
iodine is 1-, the gram-equivalent weight of iodine is 126.92 g. 
Calcium has an atomic weight of 40.08 and a valence of 2 +; thus 
its equivalent weight is 20.04 g. The equivalent weight of 
aluminum, which has an atomic weight of 26.97 and a valence 
of 3+, is 8.99 g. 

2. Equivalent weights of acids. All acids contain replaceable 
hydrog^^n, that is, hydrogen that can be replaced by some other 
element in the course of a chemical reaction. The equivalent 
weight of an acid is calculated by dividing the gram-molecular 
weight of the . acid hy the number of replaceable gram-atomic 
weights of hydrogen, Plydrochloric acid (HCl) has one re¬ 
placeably hydrogen.atom; thus the equivalent weight of HCl is 
the.same as its .molecular weight (36.47 g.). Sulfuric acid 
(H 2 SP 4 ), which has two replaceable hydrogen atoms in each 
mpljccule and a molecular weight of 98.08, has an equivalent 
weight of 49.04 g. 

3. Equivalent weights of bases. Bases contain OH radicals 
in their molecules. Since the valence of this radical is 1-, the 
equivalent weight of a base is calculated by dividing its gram- 
molecular weight by the number of OH groups in each molecule. 
Sodium hydroxide (NaOH) has a molecular weight of 40.01; 
its equivalent weight, therefore, is 40.01 g. Barium hydroxide, 
Ba(OH)^, has a molecular weight of 271.38 and an equivalent 
weight of 135,69 g. 

4. Equivalent weights of salts. Mc^t salts contain neither re¬ 
placeable hydrogen atoms nor hydroxyl radicals in their mole¬ 
cules. All of them, however, contain a radical or atom of posi¬ 
tive, valence combined with a radical or atom of negative valence. 

equivalent weight of a salt can be computed by dividing 
the.gr^m-moUcular weight by the*valence of the positive radical 
'radicals) or atom {atoms). The ammoiiium radical (NH 4 ) has 

«dence of If; hence the equivalent weight of ammonium chlo- 
is 53.50<g., since the molecular weight of this salt 
Cylcium, sulfate (CaS 04 ), the calcium of which has a 
'f 2+, has a molecular weight of 136.14 and an equivalent 
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weight of 68.07 g. Each sodium atom in a molecule of sodium 
carbonate (NagCOa) has a valence of 1+. However, the total 
positive valence of the molecule is 2 -f, and the equivalent weight 
(53.00 g.) of sodium carbonate is found by dividing its molecular 
weight (105.99) by 2. 

5. Equivalent weightn of oxidizing agents. When an oxidation 
occurs, at least one of the atoms present in the molecule of ox¬ 
idizing agent gains electrons (that is, loses positive valence). 
In the reaction, 

2 KMnO, + 5 CaC,0, + 8 H,SO, K,SO, + 2 MnSO, + 5 CaSO, + 10 CO, + 8 H,0, 

each of the manganese atoms present in a molecule of the ox¬ 
idizing agent (potassium permanganate) gains 5 electrons— 
that is, loses 5 positive valences. Since hydrogen is able to 
gain or lose only 1 electron when it takes part in an oxidation- 
reduction reaction, the equivalent weight of potassium perman¬ 
ganate (31.61 g.) is determined by dividing its molecular weight 
(158.03) by 5. 

A solution that contains one gram-equivalent weight of sub¬ 
stance in one liter of solution is called a normal (IN) solution, 
A 0.1 N solution of sulfuric acid thus contains 4.904 g. of H 2 SO 4 
per liter. A 0.05 N solution of potassium permanganate contains 
1.581 g. of KMn 04 liteXj and so on. 

Normal solutions are particularly useful to the chemist, be¬ 
cause equal volumes of solutions of equal normality will react 
exactly with each other (provided, of course, the substances in 
the solutions are capable of undergoing reaction). For example, 
10 cc. of 0.05 N sodium hydroxide will neutralize exactly 10 cc. 
of 0.05 N sulfuric acid. When the normalities of the reacting 
solutions are not identical, the amounts of solution required read¬ 
ily can be calculated if the normalities are known. Suppose 
we wish to neutralize 100 cc. of 0.1 N barium hydroxide solution 
with 0.2 N hydrochloric acid. Since the normality of the ^ 
drochloric acid is twice that of the barium hydroxide, onb 
as much of the acid solution (50 cc.) will be required fo 
neutralization. 
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The pH Notation. —When water ionizes, equal numbers of hy¬ 
drogen ions and hydroxide ions are formed. 

H,0 ^ + OH- 

Only about one molecule out of every 555,000,000 molecules of 
water is ionized at ordinary temperatures. Nevertheless, it is 
important to remember that both hydrogen and hydroxide ions 
will be present in every water solution. If the concentration of 
hydrogen ions, [11^], is greater than the concentration of hy¬ 
droxide ions, [OH"], the solution is acid; if [OH"] is greater 
than [H^], the solution is basic; and, if [IP] equals [OH"], the 
solution is neutral. 

[H"*^] and [OH"] are related to each other by the fundamental 
equation: 

fH+] X [OH-] = 10-'" = 10 ^ ~ 1007)00,000,000,000 0.00000000000001. 

The concentration of hydrogen ions is said to be 1 when tlic 
solution contains an equivalent weight (1.0081 g.) of hydrogen 
ions per liter. The concentration of hydroxide ions is 1 when 
the solution contains 17.0081 g. of hydroxide ions per liter, since 
the equivalent weight of the OH radical is 17.0081. The figure, 
10"^^, in the above expression thus refers to gram-equivalent 
weights. 

In the special case where [H^] « [OH"], we may write: 

[H^]* = or [H^] = 10-L 

In other words, a neutral solution (i.e., a solution in which 
[H+] «= [OH"]), contains 10"^ gram-equivalent weights of hy¬ 
drogen ions per liter. 

The term pH, an abbreviation for ‘'power function of [H^],’^ 
is defined by the equation, 

[H^l = io-p«. 

Since the hydrogen-ion concentration of a neutral solution is 
10■■^ the pH of a neutral solution is 7.* In acid solutions [H^] 

♦pH may be defined also by the expression. pH = logio T r r \ - Since the 

1 

hydrogen-ion concentration of a neutral solution is 10-’, pH = login 
= logxo 10’ = logM 10,000,000 = 7. 
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is always greater than 10~% and the pH is always less than 7. 
For example, the concentration of hydrogen ions in a 0.01 N 
solution of HCl is approximately 0.01 (10~^), and the pH is ap¬ 
proximately 2. In basic (alkaline) solutions [H*^] always is less 
than 10“^, and the pH is greater than 7. A 0.01 N solution of 
NaOH contains approximately 10~^ gram equivalents of hy¬ 
droxide ion per liter. Since [H'"] x [OH“] «=» 10"^*, the hy¬ 
drogen-ion concentration of the solution will be 10~^^ and the 
pH will be 12, 

Notice that a change of one pH unit indicates a tenfold 
change in hydrogen-ion concentration. This relationship is 
illustrated by the following comparisons: 


Acfid solutions 


Neutral solution 
Basic solutions 


[H-] 

pH 

[OH-] 

1 (10®) 

0 

10 -“ 

10 -^ 

1 

10 -“ 

10 -* 

2 

10 -“ 

10 -* 

3 

10 -“ 

10 -* 

4 

10 -“ 

10 -® 

5 

10 -» 

10 -* 

6 

10 -* 

10 -^ 

7 

o 

1 

10 -» 

8 

10 -* 

10 -® 

9 

10 -‘ 

IQ-IO 

10 

10 -* 

10 -*' 

11 

10 -* 

10 -“ 

12 

10 -* 

10 -“ 

13 

10 -* 

10 -“ 

14 

1 (10') 


Osmotic Pressure. —^Let us imagine that a container is divided 
into two equal halves by means of a membrane (see Fig. 7). 
This membrane, we shall assume, contains numerous small pores. 
In compartment A we place a cane sugar solution; in compart¬ 
ment B, distilled water only. Since all molecules are in constant 
• motion (except at -273° C.), the sugar and water molecules 
greidually pass through the pores in the membrane until the con- 
ceritration of sugar is the same in both compartments. 

Suppose the experiment is repeated, except that this time the 
membrane we use is SBmipermeattle, that is, it has pores large 
enough for water molecules to pass through, but too small to 
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permit the passage of sugar molecules. Both sugar and water 
molecules will strike the A side of the membrane, but only the 
water molecules can pass into compartment B. On the other 
hand, every molecule that strikes the B side of the membrane will 
be a water molecule, and can pass into compartment A. Water 
thus will flow across the membrane in both directions, but more 
water will pass into compartment A than into compartment B, 
simply because more water molecules strike the membrane on the 
B side. As time goes on, the amount of fluid in compartment A 



A B 

Pig. 1 .—^Diagram illufftrating osmotic pressure. The large circles repre- 
sent sugar molecules; small circles represent water molecules. In a given 
time, will more water molecules move from compartment A to compartment 
B, or In the opposite direction? 


gradually will increase, and that in compartment B will de¬ 
crease. Finally, the weight of the extra fluid in compartment A 
becomes great enough to force water molecules back into com¬ 
partment B as rapidly as they pass in the reverse direction, and 
thereafter the volumes of fluid in the two compartments will 
not change. The pressure (force per unit area) exerted by 
the weight of the extra water in compartment A when this sta¬ 
tionary (equilibrium) state is reached is a measure of the 
osmotic pressure of the final sugar solution. 
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It has been found that all 1 M solutions of non-electrolytes 
have exactly the same osmotic pressure. Since all such solu¬ 
tions contain the same number (6.06 x 10^®) of molecules per 
liter, we reach the conclusion that the magnitude of the osmotic 
pressure is determined by the number of dissolved particles in 
a given volume. The size of the dissolved particles is unim¬ 
portant. 

Let us suppose that a 1 M sugar solution is placed in compart¬ 
ment A of the apparatus illustrated in Fig. 7. We have learned 
already that the volume of fluid in compartment A gradually 
will increase. However, imagine that we exert pressure on the 
surface of the sugar solution just sufficient to prevent any 
change in volume. This pressure will be equal in magnitude to 
the osmotic pressure. When this type of experiment is carried 
out, it is found that the osmotic pressure of a 1 M solution of 
non-electrolyte is 22.4 atmospheres—that is, 22.4 times as great 
as the pressure exerted by the atmosphere at sea level. A column 
of mercury 760 mm. high exerts the same pressure as one at¬ 
mosphere at sea level. If, then, we are told that a given solution 
of non-electrolyte has an osmotic pressure of 760 mm. of mer¬ 
cury, it is not difficult for us to calculate that the concentration 

of the solution is molar. 

22.4 

When a strong electrolyte, such as KCl, is dissolved in water, 
it dissociates into ions. If we remember that the osmotic pres¬ 
sure is determined by the concentration of dissolved particles, 
and not by the concentration of molecules, it becomes apparent 
that a 1 M solution of KCl will have nearly twice the osmotic 
pressure of a 1 M solution of non-electrolyte. Each of the solu¬ 
tions contains the same number of dissolved molecules per liter, 
but most of the electrolyte molecules ionize to form K+ and CL. 
In other words, the number of particles in a given volume of the 
electrolyte solution is approximately twice as great as the num¬ 
ber present in the same volume of the non-electrolyte solution. 

Most of the molecules of a weak electrolyte, such as acetic 
acid, are present in solution in undissociated form. Therefore, 
the osmotic pressure of an acetic acid solution is somewhat 
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greater than that of a cane sugar solution, and less than that of 
a potassium chloride solution, of the same molar concentration. 

Solutions that have the same osmotic pressure are said to be 
isotonic; or, we may say they have the same osmolar concentra¬ 
tions, Hypertonic and hypotonic solutions have, respectively, 
greater and lesser osmolar concentrations than some reference 
solution. Biochemists interested in animal metabolism often use 
plasma (the liquid portion of the blood) as a reference solution. 
The osmotic pressure of human blood plasma is approximately 
5,200 mm. of mercury (6,9 atmospheres). 


kXSL 

HSBSS 




Fig. 8.—Diagram illustrating surface tension. The arrows indicate the 
directions In which the water molecules (circles) are attracted by other 
molecules. Explain how surface active substances lower the surface ten.sion 
of water. 


Boiling and Freezing Points of Solutions. —Water boils at 
100® C. and freezes at 0® C. However, a molar solution of a non¬ 
electrolyte in water boils at 100.51® C. and freezes at -1.86® C. 
This elevation of the boiling point and lowering of the freezing 
point of water when a solute is present depend, as does osmotic 
pressure, on the number of particles (atoms, molecules, ions) 
present in a given volume of the solution. The change in boil¬ 
ing and freezing points caused by the presence of a mole of KCl 
in a liter of solution is nearly twice as great as that resulting 
from the presence of a mole of non-electrolyte in the same vol¬ 
ume of solution. 

Surface Tension. —Molecules and atoms attract each other 
in much the same way that the sun attracts the earth. A mole- 
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cule in the middle of a beaker of water is attracted in all pos¬ 
sible directions by the other water molecules that surround it 
(see Fig. 8). The situation is dilferent for a molecule located 
in the surface of the water. Such a molecule is attracted down¬ 
ward and sideways by other molecules, but it cannot be attracted 
upward very much. This unequal distribution of forces causes 
the moleemles in the surface to pack tightly together. The force 
required to break through this film of closely packed surface 
molecules is equal to the surface tension of the water. All 
liquids exliibit surface tension, but the surface tension of water 
is higher than that of most other liquids. 

Suppose some olive oil is allowed to float on the surface of 
water. Water molecules in the surface now will be attracted in 
all directions—^sideways and downward by other water mole¬ 
cules, and upward by molecules in the olive oil. However, the 
attractive force between individual water molecules is greater 
than that between water molecules and the molecules in the olive 
oil. Consequently, the forces attracting the surface water 
molecules downward and sideways will be greater than those 
attracting them upward. The effect of the olive oil, then, is 
not to abolish the surface tension of the water, but only to lower 
it. Substances, such as the compounds in the olive oil, that tend 
to collect at water surfaces are called surface active substances, 
because they lower the surface tension of the water. 

As we have seen, the tension between a liquid and air is called 
the surface tension of the liquid. Often the term interfacial 
tension is used to designate the tension between two liquids, or 
between a liquid and a solid. 

Emulsions. —An emulsion is formed whenever tiny droplets 
of one liquid are suspended in another liquid. If a small amount 
of mineral oil is shaken vigorously with a large volume of water, 
the mineral oil breaks up into many droplets which tend to be¬ 
come more or less uniformly distributed throughout the water 
(see Fig. 9). Such an emulsion is not stable, however, because 
the mineral oil drops coalesce to form larger and larger drops, 
and soon all the oil floats on top of the water. 
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Imagine a rubber sheet sti*etched tightly parallel to the floor. 
Now imagine that two small steel balk are pla<fed on the sheet. 
The presence of these balls causes tension to develop in the rub¬ 
ber in their vicinity. As a result, they move t(|ward each other 
until they touch. These balls may be compare^ with the drop¬ 
lets of mineral oil in an emulsion. Thl^ tensioii between the oil 
drops and the water (interfacial tension) is similar to the tension 
of the nibbor sheet. Consequently, the drops tend to approach 
each other, and the emulsion ^‘breales.^^ 

We have learned that water has a higher surfac^e tension than 
most other liquids. Surface active substances lower this high 
surface tension with the result that the difference in tension be¬ 
tween the water and the emulsified material becomes small. 
Since this difference in tension is the force that causes the coales¬ 
cence of the suspended drops, the presence of a surface active 
substance makes an emulsion more permanent. Soaps, bile acids 
and salts, gums, and other surface active substances used to 
stabilize emulsions often are called emulsifying agents. 

Colloidal Dispersions.-— When particles whose diameters vary 
from 1 millimicron (10'’' cm.) to 100 millimicrons (10“® cm.) 
are suspended in a liquid, the resulting mixture is called a 
colloidal dispersion, or sol. Unlike particles in true solution, 
that is, particles whose diameters are less than 1 millimicron, 
the i^articles of a colloidal dispersion are too large to pass 
through membranes made of parchment paper or animal tissues. 
Suspensions are formed when particles larger than 100 milli¬ 
microns are mixed with a .liqpid. Suspensions are not per¬ 
manent, since the particles present in them are too large to re¬ 
main suspended and soon settle to the bottom of the container. 

Hydrophilic ('*water-loving’’) sols are colloidal dispersions in 
which the suspended particles have an affinity for water. Each 
of the particles in such a sol is closely surrounded by a shell of 
hound water. The particles of a hydrophobic (‘‘water-hating’’) 
sol do not have this water shell. In general, hydrophilic sols 
are more viscous and more permanent than hydrophobic sols, 
since their particles are protected by the bound water. Protein 



r>0 OK(JANIC AND DIOIAKDOAL CIIKMISTRY 



Fig. 9.—Photomicrogrraphs (photographs taken through a microscope) of 
emulsions. What material emulsifies fat in the digestive tract? (Prom 
Patchwork, a publication of the E. L». Patch Co.) . 
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solutions are examples of hydroi^liilic sols. If highly insoluble 
substances, sueli as gold, are dispersed in water, hydrophobic 
sols are formed. 

When a beam of light is allowed to })ass throiigli an otherwise 
dark room, the path of the beam appears to be filled with fairly 
large particles of dust. This effect, called the 2'ynd.all effect, 
is explained by the fact that some of the light rays strike micro¬ 
scopic particles in the air and are reflected at right angles. If 
we view the beam of light at right anglas to its course, the re¬ 
flected light rays that reach our eyes will be iierceived as bright 
spots in the beam. Colloidal disi)ersions also show the Tyndall 
phenomenon; that is, they appear cloudy when they are viewed 
at right angles to a beam of light passing through them. True 
solutions do not exhibit this effect, because the particles present 
in them are too small to reflect the light. 

Colloidal particles have a x>ositive or negative electrical charge. 
This charge may result from the ionization of molecules in the 
surface of the i)article, or it may be due to the fact that ions 
in the surrounding solution have stuck to (been adsorbed by) 
the surface of the colloidal particle. Hols are stabilized by the 
presence of these electtrical charges. For example, the particles 
in a gold sol are negatively charged. Since like charges repel 
each other, the particles of gold are prevented from coalescing 
to form particles too large to remain suspended. Hydrophobic 
sols, such as a gold sol, can be coagulated by the presence of an 
electrolyte, such as sodium chloride. The positive sodium ions, 
formed when the sodium chloride is dissolved, neutralize the 
negative charges of the gold particles, and the gold precipitates. 
Hydrophilic sols, wlvich are protected not only by the electrical 
charge, but also by bound water, are not so readily coagulated by 
electrolytes. 

If a sol is placed in an electric field, that is, between the 
positive and negative poles of an electric circuit, the colloidal 
particles will migrate toward one of the electric poles. Since 
opposite charges attract each other, negatively charged particles 
will move in the direction of the positively charged pole (anode), 
and positively charged particles will move toward the negatively 
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charged pole (cathode). The movement of colloidal particles 
under the influence of an electric field is called electrophoresis 
or cataphoresis. 

If two hydrophobic sols of opposite electric charge are mixed, 
the negatively charged particles of the one unite with the pos¬ 
itively charged particles of the other and mutual coagulation oc¬ 
curs. This type of coagulation is irreversible; that is, the co¬ 
agulated particles cannot be made to go into colloidal dispersion 
again. 

The mixing of two hydrophilic sols of opposite charge also 
results in coagulation. The coagulated particles are not in 
actual contact with each other, however, because each of them 
is surrounded by a water shell. This type of coagulum is called 
a coacervate. The particles of a coacervate may be redispersed 
by the addition of an electrolyte. The ions formed from the 
electrolyte neutralize the electric charges holding the hydrated 
particles together. 

The area of particles in colloidal dispersion is relatively 
enormous. The area of a cube of gold whose edges are 1 cm. long 
is 6 cm.2 (6 sq. cm.). If this cube is divided into cubes of 
colloidal size, for example, into cubes whose edges are 10 milli¬ 
microns (10”® cm.), the area of all the small cubes will be 
6,000,000 crn.^ Molecules or ions in true solution tend to stick 
to (be adsorbed by) colloidal surfaces. Surface active sub¬ 
stances often are very readily adsorbed, because they tend to con¬ 
centrate at the interface between the water and the colloidal 
particles. Undoubtedly, many essential substances are held in 
the cells of our bodies by adsorption. Powdered charcoal, which 
has a large surface, is used in gas masks to adsorb poison gases. 
Many colored surface active materials are used to dye cloth. 

Membranes that permit the passage of molecules or ions in 
true solution, but which do not permit the passage of colloidal 
particles, are called dialyzing menvbrames. Probably most of the 
membranes in plant and animal tissues are of this type. The 
separation of colloidal particles from particles in true solution 
by means of a dialyzing membrane is called dialysis. Suppose 
we have a solution containing protein molecules and sodium 
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chloride molecules. If this solution is placed in a bag made 
of a dialyzing membrane, and the bag is placed in running water, 
the sodium chloride molecules will gradually pass through the 
membrane into the running water. On the other hand, the pro¬ 
tein molecules, which are of colloidal size, will remain in the 
bag. If this process is continued long enough, the protein solu¬ 
tion will become free of salt. Dialysis frequently is used to re¬ 
move contaminating substances from hydrophilic sols. 

Study Questions 

1. Define: solution, solvent, solute. 

2. What are the three physical states in which substances exist? 

3. List six possible types of solution. 

4. What is the usual effect of temperature on the solubility of a solid? 
Of a gas? 

5. If a warm bottle of soda water is opened, foam spouts from the bottle. 
Usually this does not occur if the soda water is cold. Explain. 

6. What is liniewater? 

7. How much CaCh will be required to make 100 cc. of a 5 per cent by 
volume solution of this substance? 

8. How much sugar, and how much water, will be required to make 100 g. 
of a 15 per cent by weight solution of sugar? 

9. How many grams of each of the following substances will be required 
to make 500 cc. of a 0.01 M solution? NallCO,, H^SO^, Ca(NOg)„ KOH. 

10. Calculate the equivalent weight of each of the following: Ag, HNO„ 
Ca(OH)„ CuCl,. 

11. How many grama of each of the following substances will be required 
to make 500 cc. of a 0.01 N solution? H^PO^, Cu(OH)„ Fe(NO,) 3 , 
Na,SO,. 

12. Calculate the equivalent weight of the reducing agent in the following 
reaction: Zn + H^SO^ ZnSO^ + H^ 

13. How many cubic centimeters of 0.1 N NaOH solution will be required 
to neutralize exactly 300 cc. of 0.025 N HCl solution? 

14. Define pH. 

15. Assuming complete ionization, what is the approximate pH of each 
of the following solutions? 0.1 N HCl, 0.1 N KOH, 0.1 N NaCl. 

16. What is the pH of a neutral solution? 

17. What change in hydrogen-ion concentration takes place when the pH 
is lowered from 8 to 4? 

18. Make up a definition for osmotic pressure. 

19. Ten grams of the non-electrolyte, CgH^O^, are dissolved in enough water 
to make a volume of 1,000 cc. Calculate the osmotic pressure of the 
solution in atmospheres and in millimeters of mercury. 
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I’O. Calculate the approximate osmotic piessure of a 0.1 N solution of 
Na,SO,. 

1!1. Calculate tlie approximate osmotic pressure of a 0.1 M solution of 
Na^SO,. 

22. Define: isotonic solution, hypotonic solution, hypertonic solution. 

2.‘>. Calculate the approximate boiling and freezing points of the following 
solutions: 0.15 M sugar solution, 0.15 M KCl solution. 

24. A solution is found to fieeze at -0.93° C. Calculate the o.smolic pressure 
of the solution. 

25. A solution has an o.smotic pressure of 10 atmospheres. Calculate its 
approximate boiling t)oint. 

20. Make up a good definition for surface tension. Dor interfacial tension. 

27. A steel needle will float if it is placed on the surface of water with 
sufficient care. If bile salt is then addled to the water, the needle 
will sink. Explain. 

28. What is a surface active substancef 

29. Is the suiface tension of water higher or lower than that of most 
other licpiids? 

.jO. What is an emulsion? An (*mulsifying agent? Give three examples 
of each that might be found in an average kitchen. 

31. One type of mayonnaivse can be made from olive oil, egg yolk, and 
vinegar. What is the function of the egg yolk? 

.12. How large are particles in colloidal dispersion? * 

.13. How does a sol tlifl’er from a tiuo solution? Fro]]i a suspension? 

34. How do hydroj)hilic sobs <liffer from hydrophobic sols? Which type 
of sol is most stable? 

.lo. Describe the Tyndall phenomenon. How is it explained? 

36. What are the usual sources of the electrical charges present on colloidal 
particles? 

37. Explain how tlie presence of electrical charges on colloidal particles 
helps to stabilize the sol. 

38. What is the anode? The cathode? 

39. What is meant by electrophoresis? 

40. Explain why sols of opposite electrical charge undergo mutual coagula¬ 
tion when they are mixed. 

41. What is a eoacervatc? How can the particles of a coacervate be made 
to redisperse? 

4-., Make up a definition for adsorption. How does it differ from absorp¬ 
tion? (Use any good dictionary.) 

43. Why do colloidal dispersions make good adsorbing agents? 

44. Define: dialyzing membrane, dialysis. 

45. Describe how you would separate sodium chloride molecule* from a 
starch soI» 
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CHAPTER III 

SATURATED ALIPHATIC HYDROCARBONS 

Introduction. —The practice of classifying chemical substances 
as either organic or inorganic had its beginning early in the his¬ 
tory of chemistry. Compounds obtained from plant and an¬ 
imal substances were e]a.ssed as organic compounds because it 
was thought that a mysterious agency known as “vital force” 
associated with living processes was necessary for their forma¬ 
tion. The vital force theory was disproved by Wohler in 1828, 
when he .synthesized urea in the laboratory by heating am¬ 
monium cyanate, NH^OCN. The synthesis from an inorganic 
substance of urea, which had long been known as the principal 
nitrogenous compound in human urine, encouraged the lab¬ 
oratory synthesis of many other compounds previously known 
only as the products of living processes. Hence, the original 
distinction between organic and inorganic compounds was no 
longer valid. The early chemists, however, observed that carbon 
was the esse’’*' ’ ’ • »onir»Aijnds formed by living proc- 

es»c" therefore, was 
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the compounds of carbon exhibit a complexity of structure with¬ 
out parallel among the inorganic compounds. For example, the 
organic compound having the molecular formula of can 

exist in 75 different forms that have different physical and chem¬ 
ical properties. Another reason for separating organic com¬ 
pounds into a distinct class is the existence of such a large num¬ 
ber of compounds of carbon. Over 400,000 compounds of carbon 
are known, while there are only about 27,000 compounds of the 
other elements. In addition, organic compounds as a class are 
less stable than inorganic comj:>ounds. On heating, organic com¬ 
pounds turn dark and decompose. 

Scope of Organic Chemistry.—Many students approach the 
study of organic chemistry with the feeling that it is going 
to be a difficult subject, that it is a necessary evil as a “pre¬ 
requisite” to be disposed of as quickly as possible, and that it is 
related only vaguely, if at all, to their major field of interest. 
It is hoped that the following brief survey will help the pro¬ 
spective student to gain an idea of how the subject matter to be 
treated in Part II is definitely applicable to other subjects in his 
or her curriculum. 

Some students, for example, will be interested in the discus¬ 
sion of the structure and properties of synthetic textile fiber^, 
such as nylon, Vinyon, Aralac, and rayon, as well as the struc¬ 
ture of the dyes that impart the manifold hues and shades to tepc- 
tiles made from these fibers, Stud<^Ti+ - i ^vith the study 
of foods will fiTi'’! ’’B§, 

fat? 
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sibilities for the utilization of such farm by-products as straw, 
oat hulls, corn cobs, and skim milk for the preparation of in¬ 
dustrially important products. Large quantities of skim milk 
are used in the manufacture of several types of synthetic fibers. 

Portions of the material will be of general interest. Such 
knowledge will make for a better appreciation and understand¬ 
ing of the role of organic chemistry in the processes affecting 
everyday life. For examj>]e, organic chemistry is intimately 



Flfir. 10.—Martin B-26 medium bomber showing Plexiglas (methyl metha¬ 
crylate) nose section in which the bombardier sits. (Courtesy of the Rbhm 
and Haas Co., Inc., Philadelphia, Pa.) 


associated with the development of the rapidly growing plastics 
industry. The number of articles made of plastic materials for 
household, personal, and industrial uses is rising steadily. The 
pressure of war time called forth increased production of these 
synthetic substances, since they were used to replace metals. 
The airplane industry consumed large quantities of these 
materials. In general, they are light in weight and are durable. 
The transparent and moldable chara(iteristics of methacrylate 
resins made them well suited for use in the making of cockpit 
enclosures and nose sections for bombing planes, as illustrated 
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ill Fi^'. 10. The various types of filastie are discussed in con¬ 
nection with tli(‘ or^“ani(* coiniiounds Troni whicli tliey ar(' 
inanuracdaired. 

Tlie valuable natural resource, petroleum, is treated in con¬ 
siderable detail. By-|)r()du(*t.s from the cra(*king process, by 
which additional gasoline is obtained from petroleum, are being 
used for the manufacture of a wide range of other tyj^es of com¬ 
pound, such as glycerol, ethyl alcohol, toluene for the manu¬ 
facture of T.N.T., and the material from which a number of the 
syntlieti(‘ rublHU's are ma<le. Buna S (Bli-S), Buna N, Butyl, 
Neo|)reiK‘, and Thiokol ai'(‘ ty])(‘s of synthetic rubbers that wer(‘ 
manufachur(‘d in lai’ge amounts during llu^ I'cs'cnt war b(‘caus(‘ 
of the lack of natural rublxu*. They ai'(‘ still being [irodm-ed, 
j»artly biM'ause there is a shortage* of the* iiatural product and 
partly bec'ause* tlu'y are sufierior to natural I'uhbei* for many 
uses. 

Furthermore, apart from any utilitarian value, the type of 
information found in these pages will make for a more intelli¬ 
gent citizenry, so important in the perpetuation of a. democracy. 

Methods of Study. —In studying organic chemistry, the ex¬ 
perience of many students has shown that a proeieelure differing 
slightly from that ordinarily used in other academdc courses is 
neeessaiy. This recommeneled procedure is to use that form 
e)f activity in studying that wdll later be demanded Avhen the 
material is used. Specifie*ally, the student is advised to write 
down on paper the equations and formulas. Organic chcmistrif 
cannot he niastered ivithoul the use of pencil and paper. A 
careful reading of the descriptive material and equations may 
give the student the impression that he has learned the subject 
matter and can use it, but when he comes to writing equations 
or formulas, he wdll find that he often is not quite sure of the 
position of a particular group, or perha])s the number of carbon 
atoms in a compound. The fact that the only efficient and ef¬ 
fective method of learning the material of organic chemistry is 
hy the actual writing of the formulas and equations cannot he 
emphasized too strongly. 

An individual may say, and truthfully so, that he has for¬ 
gotten more than another (iver knew, but this surely is no credit 



Plgr, 11.— A, Manufacture of Plexiglas (methyl methacrylate) nose sec¬ 
tions for the Martin B-26 bomber. Skilled workmen are draping a hot sheet 
of the plastic over a cloth-covered form. The edges are clamped quickly 
before the material cools. After cooling the material retains its shape. B, 
Workman trimming the edges of a bombardier's door and the gun-mount 
hole. The formed halves of the bomber nose are cemented with methyl 
methacrylate resin, the same resin as used originally to make the Plexiglas 
sheets. (Courtesy of the Rdhm and Haas Co., Inc.) 
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to himself. Material to be worth while must be capable of being 
recalled. The three most important factors in the recall of facts 
or information are: (1) vividness of the first impression; (2) 
association; and (3) repetition. 

In the study of organic chemistry it is somewhat difficult to 
utilize fully the powerful first factor in recall. The lecture 
demonstrations by the instructor and exhibits are helpful, 
but not all material lends itself to this possibility. If the student 
could witness a fire and an explosion as examples of reactions 
of certain organic compounds, it would be much easier to remem¬ 
ber them, but fortunately or unfortunately, depending on one’s 
point of view, this is not possible. 

The factor of association in recall is more easily utilized or 
applied. The association of formula and the name of organic 
compounds is very important. The sight of either one should 
be a visual stimulus for the recall of the other. As an aid in 
strengthening this association, equations throughout the text 
give the name of the organic compound directly beneath its 
formula. The student should use his own experiences gained 
through inspection tours, vacation trips, travels during the 
recent war, etc., to aid him in recalling formulas and properties 
of compounds. For example, suppose an individual has visited 
an oil refinery. At the time he may not have appreciated fully 
the guldens description of the processes or substances involved, 
but when the subject of petroleum is discussed in the text, it 
will have added meaning because of the associaton of the sub¬ 
ject matter with an actual experience. 

The third factor in recall, repetition, is perhaps the least 
pleasant but oftentimes the most effective. Studying should 
not become drudgery, but the homely observation that the con¬ 
tinual dropping of water, even on granite, will finally make an 
impression is not without its application to this problem. Stu¬ 
dents should not hesitate to drill themselves, especially when 
learning fundamental principles. 

Another admonition, which is the result of observation of 
several thousand students over a period of years, is that the 
student should begin to study immediately at the start of the 
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course. If studying is postponed, material accumulates and the 
delay in learning necessary principles interferes with the learn¬ 
ing of later material, and the student is apt to find himself con¬ 
fronted with a discouragingly large amount of material to as¬ 
similate. 

The mastery of the general principles is admittedly the 
primary aim, but because of the nature of organic cliemistry, a 
considerable body of facts and details also must be learned in 
order to apply the general principles intelligently. Possibly due 
to the body of facts that must be learned, there is a tendency 
on the part of students to memorize facts without thinking about 
their significance or tlieir relationship to other facts. This 
practice is deplorable, especially as manifested in the ''cram¬ 
ming” for examinations. Material that is learned with the 
thought in mind that it is merelj^ for the examination on the 
following morning, is likely to be retained only that long. The 
student should realize that he is acquiring this information for 
his own use as a preparation for the future, and not merely to 
satisfy a prerequisite or an advisor. 

As a final word of advice, the student is urged to cultivate 
efficient habits of study. He should have a quiet place in which 
to work and a definite study period; he should brook no inter¬ 
ruptions. At the end of the study period he should test himself 
on the results of his study. The questions at the end of the 
chapters may be of assistance, and in addition the student should 
formulate questions and outlines of his own. 

Structure of the Carbon Atom. —Organic chemistry has been 
defined as the chemistry of carbon compounds; hence it is proper 
and fitting that we consider the structure of the carbon atom. 
Since the carbon atom has four electrons in its outer shell, the 
valence (or combining power) should be 4.* This has been 
shown to be true. The first fundamental concept of organic 

♦The atomic number of carbon is 6, and since there are always two elec¬ 
trons in the first shell (orbit), there will be four electrons in the second 
shell (see page 25). The most stable configuration for atoms is the 
presence of eight electrons in the outer shell; therefore, in chemical reac¬ 
tions there is a tendency for atoms to acquire this stable arrangement. In 
most organic compounds the stable arrangement is gained by a shar¬ 
ing of electrons with some other atom. This type of linkage in which the 
valence electrons are shared is termed covalence. It is described also as a 
non-ionizing bond. Many organic compounds do not ionize; hence they do 
not conduct an electric current (page 35). 
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chemistry, accordingly, is that tlie valence of carbon is 4. The 
student will make his study of organic (diemistry much easier 
if he constantly keeps this fact in mind. 

The simplest organic conii)ounds are those tluit contain only 
carbon and hydrogen. This class of compounds is known as hy¬ 
drocarbons. A molecule of the sim})lest hydrocarbon must con¬ 
tain one carbon atom and foiii’ liydrogeii atoms l>ecausc the 
valence of carbon is 4 and that of hydi'ogen is T This com¬ 
pound, which has tlie molecular formula of CH 4 , is known chem¬ 
ically as methane. It, being the simjdcst hydrocarbon, will be 
used to illustrate the carbon atom as a three-dimensional figure. 
The comprehension of this concept is necessary for the full un¬ 
derstanding and ai:)preciation of the meaning of the conventional 
formula of methane. 

In a few compounds not commonly encountered, carbon ex¬ 
hibits a valence of 2 or 3. A discussion of the evidence for the 
existence of these unusual valences of carbon can be found in 
advance treatises, such as that edited by Gilma]i (see i*eferences 
at the end of the chapter). 

The four valences of carbon are equal. If they were not, the 
substitution of one hydrogen atom by some other element or 
group would yield different compounds, depending on which 
hydrogen was replaced. In order to illustrate the three-di¬ 
mensional aspects of the comi)ounds of carbon, the carbon atom 
can be pictured as located at the center of a sphere from which 
the four valences radiate in such a way as to divide the surface 
of a sphere equally. Under these circumstances, the angle be¬ 
tween the valences is 109*' 2S'. This ar?*angement for the 
methane molecule is illustra 1 (*d by 1 in Fig. 12. if straight 
lines are drawn tlu'ough the j)()ints where the valence lines 
intersect the surface of the sphere, a solid figure with four 
equal faces, a regular tetrahedron, will ])e formed. The con- 
(‘cpt of the carbon atom, located at the ('enter of a regular 
tetT*ahedron with its four valences diiccted toward the corners 
(II of Fig. 12), is used widely to show the spacial relationship 
of groups in spcHual ty])es of organic compound, which will be 
discussed later. 
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While T of Fi”'. 12 is a truer re])resentation of the actual 
positions of the hydrogen atoms in the methane molecule, for 
convenience and speed of writing the usual method of writing 
tlie graphic formula of methane is that represented by III of 
Fig. 12. In using this formula, the student should visualize 
the tetrahedral model from which it was derived, and should 
keep in mind that the straight lines represent pairs of shared 
electrons. Although actually the valence electrons of carbon are 
revolving in oi‘bi1s, it is <‘onv(‘ni(*!d and In^lpful to have a simple 
model tor illustrative jnii'poses. The one in which the electrons 
are considei’ed as fixed at the eornei's of a regular tetrahedron, 
with tile ('arl)on atom at tlu' c(mtei*, is th(‘ model most widdy 
iis(‘d by organi(- chemists. 

H 


H-C-" 


H 

I I m 

Figr. 12.—Threo-dhnensional aspects of the carbon atom in the methane 

molecule. 



Saturated Aliphatic^' Hydrocarbons 

Methane. —It has been mentioned already that III in Fig. 12 
represents the graphic, formula for methane. This type of 
formula is one in which the elements or groups attached to each 
of the valences of the carbon atom are represented diagram- 
matically. It cannot be emphasized too strongly that the begin¬ 
ner should continue to use graphic formulas until he fully ap¬ 
preciates the fact that carbon has a valence of 4, and until it 


♦Organic cojnjxiund.s often are classified into tiuee main divi.sions— 
ctliphafiv, aromatic, and hclerocuclic. Aliphatic compounds (Oreek, aleiphar 
fat) were given this name originally because natural fats belonged to 
this class. Alipliatic com^)ounds characteristically have their carbon atoms 
joined in open chains while aromatic, compounds have their carbon atoms 
in closed rings or cycles. Th‘tero('ycIic com]>ounds arc ring compounds con¬ 
taining carbon atoms and one or more atonis of .some oilier element in the 
ring structure. 
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becomes habitual to check an organic formula to see that aU four 
valences of the carbon atom are satisfied. Only when the con¬ 
cept of the quadrivalence of carbon has become firmly fixed in 
mind is it permissible to use the shorter, molecular formulas, 
such as CH 4 . 

Occurrence. If one rows into a swamp or marsh where there 
is considerable fallen vegetation and remains quiet for a time, he 
will observe bubbles rising to the surface. In some cases, where a 
large amount of this gas is being evolved, it actually can be 
lighted with a match. This gas, which is methane, is formed by 
the slow decomposition of vegetable matter in the absence of oxy¬ 
gen, and, because of its occurrence in marshes, it is known also 
as marsh gas.In addition, methane is found in coal mines, 
where it became entrapped during the formation of the coal. 
Geologists tell us that our present coal deposits were formed 
from luxuriant vegetation that grew on the earth in prehistoric 
times, and it seems probable that methane was an accompanying 
substance formed during the same process. When the coal is 
mined, the pressure of surrounding deposits is removed, and the 
pockets of methane are released. The gas often forms explosive 
mixtures with the air. For this reason, coal miners refer to 
it as firedamp.'’ Hence, this simplest hydrocarbon is known 
variously as methane, marsh gas, or firedamp. Such a multiplic¬ 
ity of names for a single substance is a common occurrence in 
organic chemistry. 

Under certain conditions the bacteria of the lower intestinal 
tract form methane from undigested carbohydrates; at times it 
may constitute as much as 50 per cent of the intestinal gases. 
Some years ago a group of scientists determined that a quantity 
of methane and hydrogen that would be sufficient to keep a small 
flame burning day and night was formed in the intestinal tract 
of a cow. At sewage disposal plants microbiological fermenta¬ 
tion of the sludge yields methane which is used for fuel in 
some cases. 

By using a spectroscope to break up the light waves reaching 
the earth from another planet, astrophysicists have found that 
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Neptune, with a surface temperature of -200° C., has clouds 
composed of methane snow. 

Methane is the most abundant of the gaseous hydrocarbons. 
The percentage of methane in natural gas varies from 60 to 98 
per cent, but ordinarily it is about 90 per cent methane. Ac¬ 
cording to the Bureau of Mines, the total marketed production 
of natural gas for the year 1945 amounted to 3,875,000,000 cu. 
ft. of which 15.6 per cent was used for domestic fuel and heating 
purposes. 

Prepa/ration, Methane can be prepared in the laboratory" by 
heating sodium acetate with a strong alkali in the absence of 
water. This is a general method for preparing hydrocarbons 
of the methane series. In each case the hydrocarbon formed con¬ 
tains one less carbon atom than the number of carbon atoms 
contained in the salt of the organic acid used. This results be¬ 
cause one carbon atom of the acid is needed for the formation 
of sodium carbonate: 


H 1 

! 0 ! 
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1 1 

H—C— 

/ ! Heat 
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carbonate 


In practice, soda lime (a mixture of sodium hydroxide and 
calcium oxide) is used since the calcium oxide reduces the 
action of the sodium hydroxide on the glass vessel. 

Physical properties. Physical properties are those, such as 
boiling point, melting point, and solubility, that can be de¬ 
termined without bringing about any chemical change in the 
composition of the substance. 

Methane is practically insoluble in water (5 cc. in 100 cc.); 
therefore, it can be collected over water. It is a colorless, odor¬ 
less gas, and has a melting point of -182.6® C. Accordingly, 
under all ordinary circumstances methane is encountered in the 
gaseous state. 

Chemical properties. The most characteristic chemical prop¬ 
erty of methane is that of inertness or nonreactivity. It is on 
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account of this property that the class of hydrocarbons, of which 
methane is a member, is known as the paraffin hydrocarbons. 
The name paraffin is derived from two Latin words, parum and 
affinis, meaning '‘little affinity.’' 

The most important I'caction of methane is that of burning or 
combustion (oxidation). This is illustrated by the following 
series of equations: 

H 

H—i—H 
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H 

H 

2 H— 

I 

H 

H 

I 

H—C—H 
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H 

It may well be emphasized at this point that any hydrocarbon 
on complete combustion in the presence of a sufficient supply of 
oxygen yields only carbon dioxide and water. In an equation 
for the complete combustion of any hydrocarbon, the final prod¬ 
ucts are carbon dioxide and water, and the equation must be bal¬ 
anced ; for, according to the law of conservation of mass, matter 
can be neither created nor destroyed. In other words, the same 
number of atoms must appear on each side of the arrow. When 
insufficient oxygen is present, or when conditions are not favor¬ 
able for complete oxidation, other products, such as carbon or 
carbon monoxide, are formed, as is illustrated by the foregoing 
equations. This explains why it is dangerous to run the engine 
of an automobile in a closed garage. Gasoline is made up of 
hydrocarbons of the same class as methane, and, when the engine 
is cold, complete combustion does not take place. As a result, 
carbon monoxide is formed (see above). This acts as a poison 
by combining with the hemoglobin of the blood (see page 591). 

Another important type of reaction that methane undergoes 
is halogenation. In the presence of sunlight or ultraviolet light 


+ O, C f 2 11,0 


+ 3 0, -> 2CO + 4H.,0 


+ 2 0, CO, + 2H,0 
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and at its boiling point, methane will react with the halogens, 
chlorine and bromine, to give halogen derivatives. These coin- 
})Ounds will be considered later. 

Uses. As might be expected for an inexpensive organic com¬ 
pound of such wide distribution, methane has many uses. One 
of its most important uses is as a fuel for both domestic and 
industrial purposes. The annual consumption of natural gas 
is equivalent in fuel value to 100,000,000 tons of coal or about 
500,000,000 barrels of fuel oil. Large quantities of methane 



Figr. 13.—A carbon black plant producing- 15,000,000 pounds annually by 
the incomplete combustion of natural gas (mostly methane). Mixing of one 
part carbon black to two parts crude rubber increases the wearing qualities 
of the product fourfold. Carbon black Is used also in lacquers and inks, 
such as that used to print this page. (Courtesy of the Godfrey L. Cabot 
Co., Inc.) 

(431,830,000,000 cu. ft. in 1945) are used for the production 
of the carbon black or lampblack used as a filler in rubber tires. 
In 1945 domestic sales of carbon black to rubber companies 
amounted to 804,386,000 pounds or 95 per cent of domestic 
sales. The ink and paint trades are the other large consumers 
of carbon black. Methane is burned in the presence of an in- 
sulBcient amount of oxygen, the surface of the combustion 
chambers (on which is deposited the carbon black) being cooled 
by water sprays. 
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The newest use of methane is for the synthesis of gasoline by 
the Pischer-Tropsch process. The American modification of this 
process uses an inexpensive iron-containing catalyst in the con¬ 
trolled combustion of methane with pure oxygen. The products 
are carbon monoxide and hydrogen, which are used for the 
synthesis of high quality gasoline and oxygen-containing com¬ 
pounds such as alcohols. 

^Homologous Series. —Methane is the first member of an 
homologous series. An homologous series is a group of similar 
compounds whose formulas differ by a constant amount, usually 
CHg. The members of such a series are known as homologues. 
The homologous series to which methane belongs is known vari¬ 
ously as the paraffin, saturated, or methane series. In the case 
of any homologous series, it is possible to write a general formula 
for the group from which the molecular formula of any individ¬ 
ual member can be obtained if its number of carbon atoms is 
known. For the paraffin series, this general formula is CnH 2 n+ 2 > 
where n represents the number of carbon atoms in the molecule. 
The names and molecular formulas of the first twenty members 
of the paraffin series are shown in Table V. The molecular 
formula of an organic compound, in contrast to the graphic for¬ 
mula, shows only the kind and total number of atoms in a mole¬ 
cule, and indicates nothing whatsoever of their spatial relation¬ 
ships. 

As a minimum requirement, the names and corresponding 
number of carbon atoms of each of the first ten members of this 
series should be memorized. Generally, the subject matter of 
organic chemistry should not be memorized: it should be under¬ 
stood; but the above is one instance where the material should 
become as familiar as the multiplication tables. The reason for 
this soon will become evident. In the first place, the names of 
the common organic radicals can be obtained easily from the 
names of the compounds in the paraffin series. A radical can 
he defined as a group of atoms that passes through a reaction 
unchanged. Familiar examples from inorganic chemistry are 
the sulfate (-SO4), nitrate (-NOg), and ammonium (~NH4) 
radicals. The names of the common organic radicals can be ob¬ 
tained by dropping the -ane ending of the hydrocarbon name and 
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Table V 

Physical Constants op Paraffin Hydrocarbons 


MOLECULAR 

NA ME 

FORMULA 

MELTING 

POINT 

** 0 . 

BOILING 

POINT 

NAME OP 

ALKYL 

RADICAL 

FORMULA OP 

ALKYL 

RADICAL 

CH, 

Methane 

-184.0 

-161.5 

Methyl 

CH,- 

CA 

Ethane 

-172.0 

- 88.3 

Ethyl 

C 3 H.- 

C,H, 

Propane 

-189.9 

- 44.5 

Propyl 

0,H- 

GA. 

Butane 

-135.0 

0.6 

Butyl 

GA- 


Pentane 

-131.5 

36.2 

Pentyl (Amyl) CgH^,- 

C,H,. 

Hexane 

- 94.2 

69.0 

Hexyl 

C.H.- 

CA. 

Heptane 

- 90.0 

98.4 

Heptyl 

G,H,.- 

C.H,. 

Octane 

- 56.5 

124.6 

Octyl 

C,H„- 

C.H„ 

Nonane 

- 51.0 

150.6 

Nonyl 

GA.- 


Decane 

- 32.0 

174.0 

Decyl 

G,.H„- 


Undecane 

- 26.5 

194.5 

Undecyl 

C„H,- 


Dodecane 

- 12.0 

214.5 

Dodecyl 

G„H^- 


Tridecane 

- 6.2 

234.0 

Tridecyl 


C.A 

Tetradecane 

5.5 

252.5 

Tetradecyl 

0,4 Hjp— 


Pentadecane 

10.0 

270.5 

Pentadecyl 

C„H.- 


Hexadecane 

20.0 

287.5 

Hexadecyl 

G«H„- 

C.A 

Heptadecane 

22.5 

303.0 

Ileptadecyl 

C„H„- 

Gi,H„ 

Octadecane 

28.0 

317.0 

Octadecyl 

GjaH.! 

C„H„ 

Nonadecane 

32.0 

330.0 

Nonadecyl 

GA»- 


Eicosane 

38.0 

— 

Eicosyl 

C.Ar 


adding -yl. For example, the radical corresponding to methane 
is methyl (CH 3 -); ethane becomes ethyl (CgHjj-), etc. Col¬ 
lectively, these radicals derived from the paraffin hydrocarbons 
are known as the alkyl radicals. It would be advisable for the 
student to write out the names of the radicals corresponding to 
the various hydrocarbons of the saturated series through decane, 
and to drill himself on these until they become firmly fixed in 
mind. Learning the names of the various radicals and their cor¬ 
responding number of carbon atoms is of utmost importance, 
because these names will be used continually during the study of 
organic chemistry. Furthermore, this information should not 
be learned only in one order (methyl, ethyl, propyl, etc.). The 
student should practice until the name butyl, for instance, 
brings to mind instantly the association of four carbon atoms, 
or vice versa. 

Ethane. —The second member of the paraffin series is known 
as ethane. It is composed of 2 carbon atoms and 6 hydrogen 
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atoms. It occurs in natural gas in amounts varying from 1 to 
10 per cent. The compound can be prepared in the laboratory 
by the action of sodium on methyl chloride. 

H H II H 

H—LCl + 2Na + Cl—C—H -» H—C—C—H + 2 NaCl 

I - J II 

H H H H 

Methyl Sodium Methyl Ethane Sodium 

chloride chloride chloride 

This is known as the Wurtz reaction or syntliesis, since it was 
first carried out by Charles A. Wurtz, a French chemist. Many 
reactions in organic chemistry arc ''name'' reactions; however, 
only a few of the most frequently used ones will be given in our 
discussions. 

Ethane, like methane, is a colorless, odorless gas, only slightly 
soluble in water and relatively inert. Its principal reaction is 
that of combustion, but under special conditions it can be made 
to react with halogens and with nitric acid. 

It is not merely by chance that the properties of ethane are 
so similar to those of methane. It is a characteristic property 
that all the members of a particular homologous series have 
similar chemical properties. 

Propane. —The three-carbon homologue of methane, propane, 
occurs in natural gas as it issues from the well and also in the 
gaseous by-products of petroleum refining. It is a coloi'less, 
odorless gas, slightly soluble in water, and can l)e prepared in 
the laboratory by the Wurtz synthesis, although laboratory 
preparation is not usually employed since other sources are so 
much cheaper. Ke'cently, mixtures of propane and ethane have 
been subjected to conditions of high temperature and pressure 
to produce ethylene, which is used in the synthesis of one of the 
synthetic rubbei^ and in the production of ethyl alcohol. 

Butane, Pentane, and Other Saturated Hydrocarbons.— 
Butane C 4 H 10 , and pentane, C 5 H 12 , are obtained from natural 
gas, the gaseous by-products of petroleum refining, and from 
casing head gas (so-called because it collects at the top of 
casings in oil wells). 
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The preparation, occurrence, and the physical and chemical 
properties of the higher members of this series will not be dealt 
with in detail, because they have properties very similar to those 
of the hornologues already discussed. The fact that'homologues 
are similar in many of their properties obviates the necessity 
of the student^s memorizing a whole mass of information; in¬ 
stead, if he knows the characteristics of one or two key mem¬ 
bers of a series, lie can reason out much of the information 
about the other members. To illustrate, all members of the 
parafAn series arc chemically inert, their principal reaction be¬ 
ing that of combustion, although under certain conditions they 
can be made to react with halogens and with nitric acid. In 
addition, they are insoluble in water and soluble in organic 
solvents. However, there are exceptions to the general principle 
of the similarity of hornologues due to differences in the ways in 
which the carbon atoms are linked together, and the student 
is cautioned to watch for these exceptions. 

In general, it can be said of the i)hysical properties of a 
homologous series that with increasing molecular weight, there 
is a corresponding increase in boiling point and specific gravity.* 
This is illustrated by the fact that the first four members of the 
methane series are gases, the next thirteen are liquids, and the 
higher hornologues are solids at ordinary temperature and pres¬ 
sure. This general rule also has some exceptions, and it, too, 
must be applied with reservations. 


Isomerism. —We have seen that the four-carbon homologue 
of methane (butane) has the molecular formula C^Hio- This is 
the first case we have considered in which there is more than one 
compound with the same molecular formula. The graphic 
formulas of butane show that there are two possible combina¬ 
tions. H H H IT H H H 




-i-U. 



H—C—H 


n-Butane 


Isobutane 


•Specific gravity is the ratio of the weight of a substance to the weight 
of an equal volume of water at 4* C, 
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This phenomenon of two or more compounds having the same 
molecular formula, but possessing different physical and chem¬ 
ical properties, is known as isomerism. The compounds them¬ 
selves are known as isomers. The subject of isomerism is a very 
important one, for isomers are encountered continually in or¬ 
ganic chemistry. The necessity of having available some means 
of distinguishing between isomers emphasizes the importance of 
graphic formulas, which show the spacial relationship of the 
carbon atoms as well as the mode of linkage of the various atoms 
in the molecule. The existence of isomers is somewhat analogous 
to the fact that with a given amount of mortar and a given num¬ 
ber of bricks many different types of houses can be built. 

The type of isomerism illustrated by butane is known as chain 
or nuclear isomerism, because the differences occur in the link¬ 
ages in the carbon chain. As the number of carbon atoms in a 
compound increases, the number of isomers increases at a rapid 
rate. For example, the six-carbon homologue has five isomers, 
whereas there are 75 different compounds having the molecular 
formula CioHgj. 

Nomenclature. —It must be evident by now that the simple 
system of nomenclature (used above for butane) in which the 
isomer with the carbons linked in a continuous chain is termed 
the normal, usually abbreviated as n-, and in which the branched- 
chain form is termed iso-, will be inadequate for instances in 
which there are more than two isomers. To meet this need, and 
also to decide on a uniform system of naming organic com¬ 
pounds, a meeting of organic chemists was held in Geneva, 
Switzerland, in 1892. The system devised was modified and 
simplified somewhat by the International Union of Chemistry, 
which met at Liege in 1930. According to this latter system 
(the ''I.U.C. system’’), a compound is named as a derivative of 
the hydrocarbon corresponding to the longest, continuous carbon 
chain. Where there is branching of the carbon chain, the name 
is modified according to the kind and position of the groups 
attached to the longest, continuous carbon chain. The chain is 
numbered from the end nearest the branching, and the position 
of the alkyl or other groups attached is indicated by numbers. 
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Just as a house number indicates the relative location of the 
house in the block, so the numbers in the I.U.C. system indicate 
the position of the groups attached to the carbon chain. To il¬ 
lustrate how the system works, let us write the formulas and 
names of the isomers of hexane, 


H H H H H H 

H—d—d—d—d—d—d "—h 

iUAU 

n-Hexane 


H H H H H 
H— H 




H H H 
H 


i 


2-Methylpeiitane 


H- 


H H H H H 

.LU-i-l 


ii 




O-H 


H 


H—C—H 
3-Methylpentane 


H II 


H H 


[_U 

i i 

u_ 

i 1 

1—H H--< 

1 

H 


1 

b—H 

1 

r 

I 

I ] 

1 

H 


2,3*Dimethylbutane 


H 

H H H—<L-H H H 

H—d-<!;-i—I)—H 

i I ii 

H—C—H 

i 

2,2'*Dimethylbutane* 


In order that the student will become familiar with the I.U.C. 
system of nomenclature, he should write out the graphic 
formulas of all the possible isomers of heptane (nine isomers). 
This does not mean that the longest, continuous chain in all the 
isomers will contain 7 carbon atoms; it does mean, however, 
that there will be 7 carbon atoms and 16 hydrogen atoms in each 
isomer. 


•An early system of nomenclature, still used somewhat, names hydro¬ 
carbons as derivatives of methane. The most higrhly substituted carbon 
atom is taken as the methane carbon. For example,' 2, 2 dimethylbutane 
would be named trimethylethylmethane. 
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The Student should avoid the error of placing a carbon below 
the end carbon in a horizontal chain in the belief that this repre¬ 
sents a branch. It should be borne in mind that the representa¬ 
tion of a compound on a flat surface, such as a sheet of paper, is 
inadequate, since molecules actually possess three dimensions in 
space. Even though the carbon atoms usually are written in a 
straight line, it must not be thought that the bonds between 
the atoms are like rigid, steel wires; rather, they should be 
thought of as similar to rubber bands which may be bent in 
various directions at will, still leaving the carbon atoms in a 
continuous chain. 

Another error often made by the uninitiated is in assuming 
that the following formulas represent two isomers: 

0—C—C—C—C C—C—C—C—C 

A A 

These really are formulas of the same compound; the one carbon 
side chain is attached to the first carbon from the end of the 
longest continuous chain in both cases; they are only two ways 
of representing the same thing. 

Petroleum.—Since the principal source of the aliphatic 
hydrocarbons is petroleum, and since petroleum refining is 
one of the chief industries on which our civilization is based, it 
is appropriate that this substance be considered in some 
detail. The term petroleum often is used to include both gaseous 
and liquid hydrocarbons of mineral origin. Thus, natural gas, 
natural or casing-head gasoline, and crude petroleum are covered 
by this term. 

Cimde petroleum, which is a brown to greenish-brown liquid, 
known more romantically as black gold, is a source of lubrica¬ 
tion and fuel for passenger cars, buses, and trucks, and of 
domestic fuel, and a source of raw materials for the manu¬ 
facture of over a hundred different organic compounds. There 
is hardly an activity in our everyday lives that is not affected 
directly or indirectly by the products obtained from crude oil. 
Alcohols, glycerin, synthetic rubber, and explosives are only a 
few of the many products that today are made partly or entirely 
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from petroleum. The value of Americans annual production of 
petroleum exceeds that of any of our minerals. 

Striking? advances have been made in the petroleum industry 
since Colonel Edwin L. Drake, drilling near Titusville, Pennsyl¬ 
vania, in August, 1849, found, on returning to work one morn¬ 
ing, that the well he had drilled to a depth of 59 feet had filled 
up with oil overnight. Since that time, thousands of wells have 
been drilled. The deepest producing well is in Iberia Parish, 
Louisiana, which was drilled to 14,301 feet and is producing 
from 13,780 feet. The workPs deepest well is one in west central 
Oklahoma at 17,008 feet. This is indicative of a belief among 
oil men and geologists that quantities of hydrocarbons will be 
discovered at depths of 15,000 to 20,000 feet. 

Occurrence. Petroleum is very widely distributed, but the 
United States produces about 60 per cent of the world’s supply 
of crude oil. Other large oil-producing regions, in the order of 
quantity of crude oil produced in 1946, are Venezuela, Russia, 
Iran, Arabia, and Mexico. Largest reported reserves of petro¬ 
leum are in Arabia and Iran. In 1946 the oil production of the 
United States amounted to 1,748,772,000 barrels of 42 gallons 

Table VI 

Production op Crude Petroleum by States* 


STATE 

1946 production 
(thousands of 
barrels) 

PER CENT 

OP total 

Texas 

764,593 

43.7 

California 

316,606 

18.1 

Louisiana 

151,608 

8.7 

Oklahoma 

Kansas, Missouri, and 

137,228 

7.8 

Nebraska 

96,579 

5.5 

niinois 

74,613 

4.3 

Wyoming 

38,544 

2.2 

New Mexico 

36,704 

2.1 

Arkansas * 

28,099 

1.7 

Mississippi 

24,248 

1.4 

Michigan 

17,138 

1.0 

Pennsylvania 

13,057 

0.7 

Colorado 

11,591 

0.7 

Montana 

9,029 

0.5 

Other states 

29,135 

1.6 

U. S. Total 

1,748,772 

100.0 


•Statistics from Oil and Gas Journal 45; 151, 1947. 
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each. The quantities of oil produced by the different states in 
1946 are shown in Table VI. 

Origin, A number of theories that attempt to explain the 
origin of petroleum have been advanced. The most plausible 
theories can be divided into two groups: inorganic and organic. 
In the inorganic theory, the assumption is made that petroleum 
was formed by the action of water on metallic carbides. On the 
basis of this theory, it is supposed that early in the history of 



Pig. 14.—Night drilling operation In the Centralla» Ill., oil field. Heavy 
producing wells in this new field enabled Illinois to rise from fourteenth 
place among the oil-producing states in 1936 to fourth place In 1940. (Cour¬ 
tesy of the E. H. Brown Advertising Agency.) 

this planet temperatures as high as that of the electric furnace 
(about 3,000° C.) existed. At such temperatures, metallic car¬ 
bides, such as those of calcium and iron, were formed, and, when 
these compounds came in contact with water percolating down 
from the surface, the highly active hydrocarbon, acetylene, was 
formed. Under the conditions of high temperature and pressure 
deep in the earth, this hydrocarbon combined with itself to form 
petroleum. The Inorganic theory seems to offer a plausible ex- 
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planation for the petroleum found occasionally in hard, igneous 
rocks, and in meteors. 

The inorganic theory, however, fails to offer an adequate ex¬ 
planation for the varied properties of different crude oils, and 
does not account for the presence of nitrogen and sulfur com¬ 
pounds. To overcome these objections, the organic theory was 
advanced. It assumes that petroleum arose from pre-existing 
plant and animal life—in other words, that the oil fields of the 
world today are the graveyards of trillions upon trillions of 



Fig. 15.—Signal Hill oil field in southern California. The location of the 
derricks indicates the size of the field and the number of derricks indicates 
the enormous quantity of oil that must have collected in the underground 
pool. From the standpoint of conserving the nation's oil supply, the picture 
illustrates the opposite of the desirable procedure. A few wells uniformly 
distributed over the field would produce a much larger yield of oil at lower 
production costs. (Courtesy of the Spence Air Photos, Los Angeles, Calif.) 


plants and animals, mainly microscopic marine and swamp or¬ 
ganisms. At the present time we know that the sea contains 
an abundance of microscopic plant life, commonly referred to as 
plankton. Because this form of plant is microscopic in size, it 
is able to remain near the surface and manufacture its food from 
carbon dioxide and water in the presence of sunlight. Hence, 
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according to this theory, in past geological ages ''organic muds’^ 
found in shallow inland seas, and formed principally from the 
microscopic plant and animal life, were covered by thousands 
of feet of mud and sand from subsequent geological epochs. 
The inorganic parts of the earlier deposits were transformed 
into dense shales and sandstone, while the pre-existing plant 
and animal forms were changed under the conditions of high 
temperature and pressure into petroleum. The collection of 
petroleum into pools is thought to have taken place as a result 
of the pressures which formed the alluvial muds into shales, at 
the same time forcing the oil into the more open and less com¬ 
pressible sands. Water movements in the underground strata 
also may have tended to flush the oil before them, so that the 
petroleum accumulated at the tops of folded rocks or in vast sand 
beds in pools, ranging in size from a few acres to 40 or 50 square 
miles in extent. 

Obviously, it is difficult to prove absolutely any theory of 
the origin of petroleum by laboratory methods, because it is 
impossible to equal in the laboratory the geological timetable 
or the effects of temperature and pressure deep in the earth, 
which metamorphosed the original material into petroleum dur¬ 
ing countless ages. The theory of the organic origin of 
petroleum seems best to account for the varied properties of 
different crude oils. Each theory proposed has some degree 
of plausibility, and it is probable that all the processes thus 
far postulated operated to a certain extent during the forma¬ 
tion of petroleum. 

Oil well production. As is illustrated in Fig. 15A (page 82) by 
the diagram of an oil well, petroleum is found as pools at the top 
of arches of folded sedimentary rocks. In some cases when the 
overlying rock is pierced by the drill, the pressure of accompany¬ 
ing gas is so great that the oil is forced to the surface with such 
pressure that a "gusher^’ results. More commonly, the pressure 
of the gas merely causes the oil to flow through pipes attached 
to the casing. The gas pressure in all wells finally decreases to 
the point where the oil must be pumped to the surface. 
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The authorities agree that our supply of petroleum is not inex¬ 
haustible, but tliere is disagreement as to how long it will last. 
During the recent war we consumed our reser\^es at a prodigious 
rate and it is most important to our national security that we 
conserve our endowment of petroleum. It has been estimated 
that for each barrel of crude oil brought to the surface, three 
are left underground. lienee, one method of increasing our 
supply is to develop better methods of oil recovery from under¬ 
ground reserves. 

Several improvements in the recovery of oil have been made 
in the past twenty-five years. One of these is the reintroduction 
under high pressure of natuial gas to the wells. In one field the 
reintroduction of natural gas under a pressure of 1,400 pounds 
per square inch and a slower rate of pumping doubled the 
amount of oil that would have been recovered by older methods 
of production. 

Another means of improving recovery is by water flooding 
through a central well and allowing water to extend gradually 
outward in an expanding circle, thus driving oil into surround¬ 
ing wells. Acid treatment of oil-bearing limestone formations 
has become an accepted procedure. It is estimated that over 
25,000,000 gallons of liydrochloric acid are used annually for 
(his purpose. The acid contains an inhibitor, such as a tertiary 
amine, to reduce corrosion on iron equipment to a minimum. 
Oil wells also are shot with nitroglycerine. This results in 
added oil production because of the increased drainage from 
fissures and cracks. 

Natural ga^wline. The gas found in most wells, which forces 
the liquid petroleum to the surface in many cases, contains con¬ 
siderable quantities of the more volatile components of the 
oil. These must be removed before the natural gas can be sent 
through pipe lines or they will condense in the pipes and inter¬ 
fere with gas transportation. This condensate is known as 
natural or casing-head gasoline. It is absorbed by passing the 
well gases through a low boiling oil obtained from the distilla¬ 
tion of petroleum. The natural gasoling is then recovered by 
heating the oil. Natural gasoline is blended with refinery 
products to make for greater ease in starting in motor fuels. 
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Liquified petroleum gases. Propane and butane are the 
principal products included in the commercial term, liquified 
petroleum gases. They are absorbed in the same heavy oil as 
natural gasoline, but at ordinary temperature and pressure they 
are too volatile to be retained in the gasoline. Commercially, 
however, they are compressed and marketed as a liquid; hence 
the tenn, liquified petroleum gases. 

It is estimated that in 1946 the marketed production of 
liquefied petroleum gases was 1,425,000,000 gallons. The use of 
these gases as domestic fuel in rural areas has increased at a 
spectacular rate during the past decade. A factor in the in¬ 
creased production of liquefied petroleum gases has been their 
increased use by gas utility companies for the enrichment of 
natural gas and as stand-by reserves to maintain pressure at 
peak load periods. 

Prom the standpoint of quantities consumed, next to their 
use as fuels, the most important use of the liquefied gases is as 
raw materials for chemical manufacture. Propane is used to a 
greater extent than any of the others in the manufacture of 
nitroparaffins. In this process, which has become commercially 
important since 1940, nitric acid vapors heated to 400° to 450° 
C. are mixed with the gaseous paraffin hydrocarbon under 
pressure of about 150 pounds per square inch. The nitration 
takes place almost instantly and the jiroducts are rapidly cooled 
to prevent oxidation. The nitration of propane gives a variety 
of products, the principal ones of which are: nitromethane, 
CH3NO2; nitroethane, CH3CII2NO2; 1-nitropropane, CH3OH2- 
CH 2 NO 2 ; and 2-nitropropane, CH2CII(N02)CH3. The nitro¬ 
paraffins are excellent solvents for a host of materials. In 
cellulose acetate lacquers they assure good flow and rapid hard¬ 
ening properties. They are unusually more effective than 
ordinary solvents as paint and varnish removers. They are the 
starting materials for so many chemical syntheses that they may 
become the basis of a new branch of chemical industry. 

Another one of the liquefied petroleum gases, butane, is 
added to motor fuels in the winter to increase their volatility and 
hence their ease of starting. Butane also is used in making 
aviation gasoline and butadiene, an important product in the 
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manufacture of synthetic rubber. Without these two products 
our war effort would have been seriously crippled. 

Products of refining. Most products obtained from petroleum 
are separated by the process known as fractional distillation. 
Distillation involves two physical changes: vaporization fol¬ 
lowed by condensation. Vaporization of any liquid takes place 
when molecules at the surface of the liquid have received enough 
extra energy in the form of heat to cause them to leave the 
surface and thus be transformed into the gaseous state. Con¬ 
densation of the vapor to a liquid results when some of the 
energy of the gaseous molecules is given up to the cooler walls 
of the container known as the condenser. 

The distillation of petroleum differs from the distillation of 
water in that crude oil is a mixture instead of a pure substance. 
Different compounds vaporize as the temperature of the crude 
oil increases. As the petroleum in the still is heated, the sub¬ 
stances with the lowest boiling points come off first. Those 
that boil within a given range of temperature are collected to¬ 
gether in one receiver, and are known as a fraction. In the 
case of petroleum, these fractions consist of a mixture of com¬ 
pounds with boiling points and other physical properties char¬ 
acteristic of closely related homologues. In fact, these physical 
properties are related closely enough to enable the fractions 
to be used for one purpose. 

The principal fractions separated fi‘om petroleum include 
petroleum ether, gasoline, napthas, kerosene, light fuel oils, gas 
oil, heavy fuel oil, light lubricating oil fraction, waxes, heavy 
lubricating oil fraction, and a residue that may consist of 
asphalt or coke. The division of fractions does not follow strict 
rules. It depends upon the demand at a particular refinery, and 
the type of petroleum stock being used. An outline of the steps 
in the separation of petroleum into useful products is presented 
in Pig. 15A. 

Uses of petroleum fractions. The fraction separated from 
petroleum that has the boiling point range of 30° to 60° C. is 
known as petroleum ether. It is used as a solvent, especially 
in the chemical laboratory, for the quantitative extraction of 
fats and oils from various natural materials. 
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Gasoline is the fraction containing a mixture of hydro¬ 
carbons from pentane to dodecane, and having a boiling point 
range of 80^ to 200"^ C. It is the distillate that furnishes power 
for the nation's motor cars, and is the one for which there is the 
greatest demand. 

Potentially, gasoline contains enormous quantities of energy. 
A gallon contains enough energy so that if it were entirely 
utilized, it would lift a weight of nine tons to a height of one 



Figr. 16.—Refinery of Continental Oil Company, Ponca City, Okla., where 
more than 450 petroleum products are manufactured. The plant has a daily 
capacity of more than a million gallons of crude oil and 750,000 gallons of 
gasoline. In the background is a part of the 422,000,000 gallon tank farm. 
(Courtesy of the Continental Oil Company.) 


mile. The energy in a gallon of gasoline is sufficient to propel 
a car 450 miles if all the energy could be utilized for driving the 
car. The internal combustion engine, however, is not a very 
efficient utilizer of this potential power. Only about 25 per cent 
of the energy of gasoline is used to move the ear; the remainder 
escapes as heat through the exhaust, is lost as heat through 
the radiator, and is used to overcome friction. 
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By the term naphtha is meant a product having properties 
intermediate between gasoline and kerosene. Often cleaner’s 
naphtha has a boiling point range of 90° to 140° C. It is used 
extensively for dry cleaning. Usually enough chlorinated 
hydrocarbons, such as carbon tetrachloride or trichloroethylene, 
are added to reduce the fire hazard that would exist if naphtha 
alone were employed. 

The fraction boiling between 200° and 300° C. is known as 
kerosene. In addition to. the use of kerosene for fuel and 
illuminating purposes, other products like light Diesel fuel oil 
and absorbent oil for natural gasoline are prepared from it. 

Gas oil is a rather indefinite term applied to fractions having 
boiling point ranges intermediate between those of kerosene and 
lubricating oils. Its chief use is to produce additional gasoline 
by a process that is kno^vn as cracking. This process will be dis¬ 
cussed later. Large quantities of gas oil are used for domestic 
heating and as fuel for Diesel engines. 

The lubricating oil fraction is usually considered to include 
all the volatile material obtained after the gas oil has been re¬ 
moved. This fraction of petroleum is made into hundreds of 
products, such as medicinal oils (Nujol), emulsified spray oils, 
transformer oils, motor oils, printing ink oils, etc. 

Solvent refining, especially of the lubricating oil fraction of 
petroleum, is becoming increasingly important. This procedure 
consists in (1) mixing the petroleum fraction with a suitable 
solvent that preferentially dissolves the undesired component, 
(2) separating the resulting two layers, and recovering the 
solvent by distillation. Solvents used for this purpose include 
furfural, Chlorex, phenol, and a mixture consisting of liquid 
propane and cresylic acid.* 

Petroleum is sometimes classified as having a paraffin or an 
asphalt base depending on the relative amounts of these two 
substances obtained from the crude oil. On cooling the 
lubricating oil fraction in paraffin base oils, paraffin wax 
separates and is removed in filter presses. This wax is used for 

•For an extended discussion, the reader is referred to: “Chemical Re¬ 
fining of Petroleum,’* V. A. Kalichevsky and B. A. Stagmer, Reinhold Pub. 
Co., New York, 1942, 
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home eanning, eoating paper, making candles, in chewing gum, 
in match manufacture, and for electrical insulation. 

Other oils do not have a paraffin base, but instead yield a 
black, pitchlike material called asphalt. The residue of asphalt 
is used in the preparation of roofing materials, in waterproofing 
porous materials, for road building, etc. 

The oils produced in the Eastern fields of the United States 
are, as a rule, paraffin base oils. The petroleum from the 
Western oil fields usually leaves a residue of asphalt. The 
crude oils from the mid-continental fields may lie of one of the 
other tyjie, or they may yield a mixture of paraffin and asplialt. 



Fig. 17.—Solvent refining unit. Propane and a mixture of phenol and 
creeylic acids are used as solvents to remove from lubricating oils undesir¬ 
able products that would later cause the formation of sludge in the crank¬ 
case. (Courtesy of the Standard Oil Company of California.) 


Cracking of petroleum. With the increased number of 
automobiles and the corresponding rise in the demand for 
gasoline, the quantity of this fraction that could be obtained 
from crude oil by distillation was too small to meet the demand. 
Moreover, there were not a sufficient number of uses for the re¬ 
maining fractions. Mainly because of this situation, the crack¬ 
ing process was developed. Ther*ino-cracking is based on the 
decomposition of the higher molecular weight hydrocarbons 
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under conditions of high temperature and pressure. Gas oil and 
kerosene are decomposed tg products within the boiling point 
range of gasoline. Thermo-cracking differs from distillation, 
which is merely a physical change, in being an actual decomposi¬ 
tion or breaking up of the molecule. In the year 1936 the pro¬ 
duction of gasoline by the cracking process first surpassed that 
obtained by straight distillation. Briefly, the functions of the 
cracking process can be listed as follows: 

1. To increase the yield of gasoline from petroleum by con¬ 
verting part of the high-boiling fractions into that material. 



Fig. 18.—Cracking stills of a petroleum refinery. In this maze of towers 
and pipe lines, gasoline is manufactured from high molecular weight hydro¬ 
carbons that ordinarily would have boiling points higher than those of com¬ 
pounds in gasoline. In addition to yielding a high-grade gasoline, the 
distillate from the cracking towers contains numerous unsaturated hydro¬ 
carbons that are used in the manufacture of a number of organic products, 
such as ethyl alcohol and synthetic rubber. (Courtesy of the Standard Oil 
Company of California.) 


In 1940 the yield of gasoline from crude oil by straight distilla¬ 
tion was 20 per cent. If this had been the only source of 
gasoline, 1,444,789,000 more barrels of crude oil would have 
been necessary to supply the demand for gasoline. It has been 
estimated that gasoline yields of 70 to 85 per cent can be ob¬ 
tained from crude oil by the cracking process. 

2. To improve the quality of the gasoline. The cracking 
process yields compounds with a high antiknock value (see 
page 87). 
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3. To aid in inaintaining a refinery stock balance by convert¬ 
ing some of the less used products into gasoline for which there 
is such a large demand. 

The following equations are given as a typical illustration of 
what might happen in the cracking still. Since the substances 
undergoing cracking are mixtures, the student must not con¬ 
clude that these are the i)recise equations for the reactions in- 
v^olved. They are merely examples of what might happen. 


_ 400-600° C. _ 

le 84 400-G00 pounds pressure 

Ilexadecane 
B.P. 287.5° 




^8^18 d- 
Octane 
B.P. 124.6° 


or 


Octene or 
octylene 
B.P. 126.0° 


H -.400-600° C. 

'^16-0-84 400-600 pounds pressure 

Hexadecane Dodecene 

B.P. 214.5° 


+ 

Butane 
B.P. 0.6° 


Catalytic cracking. One of the most significant recent de¬ 
velopments in the petroleum industry is catalytic cracking. 
This i)rocess is superior to thermal cracking in the following 
respects: (1) a much wider range of transformations in 

molecular structure can be accomplished; (2) lower temiiera- 
tures and pressures are employed and decomposition with the 
formation of carbon in the reaction chamber is less; (3) the 
octane number of the products is higher. 

The octane number of a gasoline can be defined as the per cent 
by volume of isooctane present in a mixture of this compound 
and n-heptane when a mixture has the same “knocking’’ charac¬ 
teristics in a special testing engine as the gasoline under examina¬ 
tion. For example, a gasoline that has the same “knocking” 
characteristics as a test mixture of 75 per cent isooctane and 25 
per cent n-heptane is said to have an octane number of 75. Iso¬ 
octane was chosen as a basic testing material because of its high 
antiknock characteristics; ?i-heptane is one of the worst “knock¬ 
ers” known. 

The most modern “fluid” catalytic processes employ a finely 
divided solid catalyst made by grinding a dried alumina-silica 
gel to a powder. The solid, powdered catalyst is maintained in a 
suspended, free-flowing condition in the reacting vapors or in 
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the regenerating air, and thus can be handled in much the same 
way as a liquid. The catalyst is separated in dust recoveiy 
equipment while the products from the cracking flow to frac¬ 
tional distillation equipment for separation into desired com¬ 
ponents. Advantages of fluid catalytic process are that the tem¬ 
perature of the reaction can be controlled with exactness and 
that the process is essentially continuous and can be auto¬ 
matically controlled. The normal reactor temperatures lie in 
the range of 400° to 500° C. and the pressures are from 2 to 10 
pounds per square inch. The products from this process have 
high octane numbers and need little further treatment before 
use for motor fuel. 

Aviation gasoline. The demand for tremendous volumes of 
high octane aviation gasoline during World War II was pri¬ 
marily responsible for the development of a new hydrocarbon- 
chemical industry within the refining industry. The specifica¬ 
tions for 100-octane gasoline were so exacting that a fuel meet¬ 
ing such requirements could not be made by ordinary refining 
methods. Therefore it was necesssary to blend such hydrocar¬ 
bons as isopentane, neohexane, isooctane, benzene, and substi¬ 
tuted benzene to obtain the high qualities required in an aviation 
gasoline. Since most of these hydrocarbons could not be ob¬ 
tained from petroleum by fractional distillation methods, it was 
necessary to produce them by hydrocarbon conversion methods. 

One of these hydrocarbon conversion methods is known as 
alkylation. The fundamental reaction is the addition of a 
saturated hydrocarbon to the double bond of an unsaturated 
hydrocarbon. Since the unsaturated hydrocarbon is thus sup¬ 
plied with an extra alkyl group, the process is called alkylation. 


CHs 

CHa—[j—CHa + CH,=:CHCH 3 CHa 
1 

H 

Isobutane 1-Butene 


CHa CHa 

anhy. HF | | 

.- > HaC—C—CHa—0—CHa 

20-45'’ a, 100 p.s.i. I I 

CH, H 

2,2,4-Trimethyl pentane 
Iso<5ctane 


The alkylation reaction takes place efficiently when liquid 
isobutane is agitated with anhydrous liquid hydrofluoric acid 
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and unsatiirated C 4 hydrocarbons are introduced in low (3 to 5 
per cent) concentrations to the resultant emulsion. 

The alkylation process requires more isobutane than is nor¬ 
mally available in natural gasoline; so another hydrocarbon 
conversion i)rocess known as isomerization was developed. In 
this process a I'earrangement of the carbon atoms in the mole¬ 
cules is brought about without a change in the size of the mole¬ 
cule. 


GHaClbClI.CHa 


n-Butane 


AICI3 

- > 

38-100° C., 200-350 p.s.i. 


Clh 

I 

CJL—CK 


CH3 

Isobutane 


In addition to their use in alkylation processes, unsaturated 
hydrocarbons were found essential in the pi‘oduction of butadi¬ 
ene needed for the manufacture of the most important type of 
synthetic rubber. Unsaturated hydrocarbons are available from 
the various cracking processes, but in many instances are not 
the right type nor present in the desired proportion. Once 


again the petroleum chemist used the plentiful normal butane 
and a process known as dehydrogenation. This involves the re¬ 
moval of hydrogen atoms from adjacent carbon atoms without 
breaking any carbon-to-carbon bands. Thus butane may Ixi 
dehydrogenated catalytically to butene and then to butadiene: 

H H H H 

till 

catalyst 
-> 

H H H H 

till 


^ • 

HC—C—C—CH 

fill 

i 1 1 1 

Hc^rC—c-~cn 

1 1 

+ H, 

1 1 1 1 

H H H H 

n-Butane 


1 1 

H 11 
Butene-1 

Hydrogen 

H H H H 

H(L=(>-0—CH 

1 1 

catalyst 

-> 

H H H H 
Hcl=C-U)Lck 

+ H, 

I 1 

H H 

Butene-1 


Butadiene-1,4 

Hydrogen 


The catalyst usually employed is chromic oxide on bauxite, and 
the operating temperature range is from 450 to 650° C. at at¬ 
mospheric pressure. 
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Catalytic polymcrizatum is another process for the produc¬ 
tion of aviation gasoline or high-octane blending agents. Poly¬ 
merization is a general type of reaction in organic chemistry 
and may be defined as the combination of two or more mole¬ 
cules of an unsaturated compound to form a larger* molecule. 
Thus isobutene at th'')0-600 p.s.i. and 175-275'^ in the presence 
of phosj)horic acid yields fsobcfene: 

H 

I 

H HCH 

I I 

2 lie—Oz=rCiI 

I 

H 

Isobutene 

The isooctene is then In'drogenati'd to isoiictane, using an ac¬ 
tivated nickel catalyst. 

In addition to the branclu^d chain hydrocarbons, petroleum 
chemists had observed that another class of hydrocarbons also 
possessed high antiknock properties. These compounds con¬ 
tained their carbon atoms in closed cycles or rings and there 
were double bonds between alternate carbon atoms. Compounds 
of this class are known as aromatic hydrocarbons. They will be 
studied in detail later (see i)age 407). 

The process of converting paraffin hydrocarbons into aromatic 
hydrocarbons is known as aromatization or hydroforming. For 
example, heptane may be aromatized to toluene: 


H H H H H H H 

I 1 I I I I 1 

HC—C—C—C—C—C—CII 

I I I I I I I 

H H H H H H H 

n-Heptane 



H H 

I I 

il HCH HCH H 

II II 

CV-CH 

I I 

H HCH 

I 

H 

2,2,4 Triiueihyl pcntene-4 
(isooctene) 
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The reaction temperatures are about 550° C. and the catalyst 
is composed of chromic and molybdic oxides. 

Without this process for producing toluene needed for the 
manufacture of TNT (trinitrotoluene), an Allied victory would 
have been very much more difficult to achieve. 

Thus the molecular architects of the petroleum industry, by 
the use of catalysts and by carefully controlling temperatures 
and pressures, have been a])le to i)(nTorm seeming mirach^s, and 
the end is not in sight. It appears that petroleum offers the 
greatest promise as a source of organic compounds of the future 
of any raw material. 

The question may arise in the minds of some as to why 100- 
octane gasoline is so im])ortant. The answei* to this question, 
in the case of aviation fuel, is that compared to even 91-octane 
gasoline, 100-octane fuel develops 25 ])er cent more power at 
the take-off, maintains the maximum speed of planes at about 
1,500 feet higher altitude and saves 100 gallons of fuel on a 600 
mile trij). 

Because of the availability of high octane gasoline, the recent 
tendency in the design of automobile engines is to utilize con¬ 
tinually a higher compi‘ession ratio. This is the ratio of the vol¬ 
ume of the uncompressed ga*s in the cylinder to the volume after 
compression at the iop of the piston stroke just l)efore the 
gaseous mixture is exploded by a si)ark across the poles of the 
spark plug. 

High compression engines, however, are likely to knock badly, 
))ecause the compressed gas detonates or explodes suddenly, giv¬ 
ing a quick thrust to the piston that results in “knocking.’' This 
sudden explosion can be overcome to a certain extent l)y substi¬ 
tuting highly branched hydrocarbons for the normal hydrocar¬ 
bons; by the addition of certain compounds, such as benzene, to 
give the so-called benzol blends; or by adding tetraethyl lead 
(Pb(G 2 Hr,) 4 ). Most regular gasoline now contains a certain 
amount of tetraethyl lead; those that contain a high per¬ 
centage are termed ethyl gasoline. 

Because of its lead content, lead-containing gasoline is very 
toxic. If gasoline is to be used for dry cleaning in the home, a 
special lead-free gasoline, known as cleaners' naphtha, should be 
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used. It is advisable to use the naphtha in the open air; in a 
closed room it can constitute a dangerous fire hazard by forming 
an explosive mixture with air. 

Kecently the research laboratory of a large automobile manu¬ 
facturer built an engine with a compression ratio of 12.5 to 1 
instead of the 6.5 to 1 ratio used in present engines. The high 
compression engine installed in a 1946 model car and driven 
under widely varying conditions gave a 33 per cent better 
economy in miles per gallon. In city traffic the economy was re- 
]>orted to be over 40 per cent. The gasoline used had an octane 
number of 88. With a plentiful supply of high octane fuel 
available we can expect our car of the future to go farther at 
liighcr speed on less gasoline. 

Cycloparafflns or Naphthenes.—In certain oils from Persia 
and Russia, and to a lesser extent, those from Texas and Cali¬ 
fornia, hydrocarbons known as cycloparaffins or naphthenes 
are present. These compounds are similar to those of the 
methane series in their properties, except that the carbon atoms 
are united in a closed cycle, from which the name is derived. 
The chemical properties are essentially the same as those of the 
methane or open-chain series; that is, they are characterized by 
nonreactivity. 

The simplest member of the cycloparaffin homologous series 
CH^ 

is cyclopropane, /\ . Although this hvdrocarbon has 

not been isolated from petroleum, it is of particular interest be¬ 
cause of its use in recent years as a general anesthetic. It has 
been claimed that cyclopropane in some respects is superior to 
other anesthetics, for with cyclopropane muscular relaxation 
usually is good, induction and recovery times are short, and 
there is little postoperative vomiting. 

The outstanding disadvantage of cyclopropane, and indeed 
of all commonly used general anesthetics except chloroform, 
is the danger of explosion. This fact has been brought to the 
attention of the surgical world by the occurrence of several 
fatal explosions in excellent clinics. The usual anesthetic mix- 
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ture contains about 15 per cent cyclopropane and 85 per cent 
oxygen, which is well within the explosive range. Since a 
spark of static electricity may serve to ignite the mixture, at¬ 
tendants at operations where cyclopropane is used as an anes¬ 
thetic often are requested not to wear silk garments or rubber- 
soled shoes, which may generate static electricity by friction. 

Some of the cycloparaffins that have been identified in 
petroleum are: cyclobutane, cyclopentane, methylcyclopentane, 
cyclohexane, methyleyclohexane, 3-diniethylcyclohexane, tri- 
methylcyclohexane, cycloheptane, and cyclooctane. These prod¬ 
ucts are of special significance in gasoline because of their high 
antiknock properties. 

Recent Developments in Uses of Cracked Gases. —A casual 
perusal of the recent chemical literature will convince even 
the neophyte tliat petroleum, through the medium of the cata¬ 
lytic (‘onversion process, is destined to bcH'ome the most strategic 
material of our American industries. By a number of processes, 
some of* which are as yet industrial secrets, tlie gases obtained 
from j)(‘troleum are being used to produce a wide variety of 
materials. Some of these are: 

1. Ethyl alcohol, otherwise known as grain alcohol. 

2. Ethylene glycol, sold as ‘‘Prestone.This substance is 
used as an antifreeze agent for automobile radiators. 

3. Benzene. This aromatic hydrocarbon is the starting ma¬ 
terial for the synthesis of many drugs and dyes as well 
as phenol which is one component of the Bakelite type of 
plastics. 

4. Styrene. Butadiene and styrene are polymerized to form 
Buna S, the most widely used of the synthetic rubbers. 
Styrene is also used for the manufacture of a valuable 
type of plastic. 

5. Glycerol. Formerly this product w^as obtained mainly as 
a by-product of the soap industry; now it is potentially 
available in large quantities from the gases of the crack¬ 
ing process. It is important in the manufacture of ex¬ 
plosives, especially dynamite. 
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6. Butadiene, a product used in the manufacture of Buna, 
one of the synthetic rubbers. 

7. Phthalic anhydride. This compound is in great demand 
for the manufacture of surface coatings for automobiles, 
refrigerators, etc. 

Other Sources of Petroleum Products. —In addition to the 
crude oil that occurs in underground pools, oil shale is a po¬ 
tential source of 300 billion barrels of petroleum. 

In Europe, where the supply of petroleum is limited, a 
sj)ecial process was developed for the hydrogenation of low- 
grade coal or lignite to give products from which gasoline 
and lubricating oils can be obtained. The hydrogenation of 
coal cannot, under normal conditions, compete with petroleum 
as a source of gasoline and lubricating oils, but with the aid of 
government subsidies and the need for national self-siifficiency, 
the process was used in Euro])ean countries. 

Study Questions 

1. What was the early diatinction between inorganic and organic chem¬ 
istry? How was this distinction disproved? 

2. Define organic chemistry. What are three reasons why it is justifiable 
to consider the compounds of carbon in a separate class? 

.3. Wliat are the three most important factors in recall? How can these 
bo utilized in the study of organic chemistry? 

4. Wliat is the valence of carbon? From a consideration of the structure 
of the carbon atom, why is this true? 

5. Discuss the tetrahedral concept of the carbon atom. 

6. Write the general formula for the paraffin series of hydrocarbons. 
Name the first ten members of the series. 

7. What are four naturally occurring sources of methane? 

8. What is the significance of the term pa/raffin series for the series of 
saturated aliphatic hydrocarbons? 

9. What would be the end products of combustion of gasoline if an auto¬ 
mobile engine could utilize the available energy 100 per cent? 

10. What is the significance of the term alkyl radical? Write the names 
of these radicals for the first ten members of the methane series. 

11. Write the equation for the preparation of propane by the Wurtz 
synthesis. 

12. What are the formulas for the possible isomeric pentanes? What type 
of isomerism do these formulas exemplify? 

13. Write graphic formulas for the following hydrocarbons; 
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(a) 2,2',3-trimethyl butane (Triptone) 

(b) 2,3*Dimethylpentane 

( c) 2 -Ethyl-3,3' -diniethyldecane 

14. What are some of the theories regarding the origin of petroleum? 

15. What commercial products can be separated from petroleum by frac¬ 
tional distillation? 

16. What is meant by the terms asphalt base and paraffin base petroleum? 

17. What are the principles involved in the cracking process? Why is the 
process of such great industrial importance? 

18. A motor fuel is said to have an octane number of 82. What is the 
significance of this statenient? Could gasoline ever possess an octane 
number greater than 100? 

19. Why is it dangerous to use high test gasoline in the home for dry 
clcaniug purposes? 

20. Both propane and cyclopropane contain three carbon atoms, but the 
latter contains two less hydrogen atoms than the former, yet both are 
saturated hydrocarbons. How do you account for this seeming contra¬ 
diction ? 
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CHAPTER IV 


HALOGEN DERIVATIVES OF SATURATED 
ALIPHATIC HYDROCARBONS 

Introduction.— Although paraffin hydrocarbons are char¬ 
acterized by nonreactivity, at high temperatures and in the 
presence of sunlight or ultraviolet light they will react directly 
with the halogens, fluorine, bromine, and chlorine, to form com¬ 
pounds in which one or more of the hydrogen atoms in the 
liydrocarbon molecule are replaced by the halogen. For ex¬ 
ample, methane will form compounds in which one, two, or even 
ail of tlie Jiydrogen atoms are replaced by halogen atoms. 

A* 

1. CH, + Cl,-> CH,C1 + Iia 

sunlight 

2. CH,C1 + Cl,-> CH,C1, + Ha 

3. CH,a, + Cl, -> CHCl, + HCl 

4. CHCl, f Cl,-> CCl, + HCl 

Iodine, the foizrth halogen, does not react when brought in 
contact with the paraffin hydrocarbons. Indirect methods must 
be used to prepare the iodine derivatives of the hydrocarbons. 

The halogen derivatives of paraffin hydrocarbons do not 
occur in nature, but, since they are widely used for tlie prepara¬ 
tion of other important compounds, they will be considered here 
in some detail. The first class of halogen compounds to be dis¬ 
cussed is the alkyl halides. 

Alkyl Halides.—Alkyl halides can be defined as monohalogen 
derivatives of the paraffin hydrocarbons. The term should not 
be used loosely, since alkyl halides refer only to those com¬ 
pounds in which one hydrogen of the hydrocarbon has been 
substituted by a halogen. These monohalogen derivatives have 
the type formula, EX, in which R represents an alkyl radical, 
and X, one of the halogens. 

Alkyl halides usually are not prepared by the direct reaction 
of a hydrocarbon and the gaseous halogen because, as the fore- 

*The Greek symbol for delta* A* la used to represent heat 
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going equations illustrate, a mixture of halogenated products 
results. The separation of any particular compound in pure 
form is extremely difficult. For this reason, a reaction that 
gives only one halogenated compound is used. 

Methyl Chloride, CH3CI.—Methyl chloride, also known as 
monochloromethane, can be prepared by the reaction of phos¬ 
phorus trichloride or phosphorus pentachloride with methyl 
alcohol. 


3 CH,OH + 
Methyl 
alcohol 

OH,OH + 

Methyl 

alcohol 


PCI, -> 
Phosphorus 
trichloride 

PCI, 

Phosphorus 

pentachloride 


3 CH 3 CI + 

Methyl 

chloride 

CH,C1 + 
Methyl 
chloride 


H.PO. 

Phosphorous 

acid 

POCL + HCl 

Phosphorus 

oxychloride 


Commercially, however, methyl chloride usually is prepared by 
passing hydrogen chloride gas into boiling methyl alcohol in 
the presence of anhydrous zinc chloride. 


anhydrous 

CH,OH + HCl - » CHsCl + H 3 O 

ZnCla 

This reaction is reversible. The use of the catalyst anhydrous 
zinc chloride catalyst is necessary to secure a substantial yield. 

Since the physical and chemical properties of methyl chloride 
are so similar to thase of the other alkyl halides, we shall change 
our usual procedure of considering the physical and chemical 
properties of a compound immediately following its mode of 
preparation, and instead discuss these properties later for the 
group as a whole (see page 101). 

Uses of methyl chloride. Methyl chloride is used widely as 
a refrigerant in household refrigerators. It is the gaseous sub¬ 
stance in the closed refrigerator unit, which is compressed to a 
liquid by the motor-driven compressor. The liquid then evapo¬ 
rates in the closed jacket surrounding the interior of the re¬ 
frigerator, taking up heat and cooling the space in which foods 
are kept. 

Methyl chloride is compressed to a liquid and sold in small 
steel or glass cylinders for use as a local anesthetic for minor 
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operations. This use arises from the fact that its rapid evapora* 
tion cools a local area of the body sufficiently to eliminate tempo¬ 
rarily the sensation of pain. 

Since the boiling point of methyl chloride is 23.7° C., at 
ordinary temperatures high pressures develop in the steel cylin¬ 
ders containing it. This pro])erty, as well as the fact that it is 
a good solvent for many organic compounds, explains why 
methyl chloride is widely used as an insecticide propellent in 
the familiar small aerosol bomb-type s])rayers. 

Methyl chloride also is used as a methylating agent, a term 
applied to substances used for the introduction of methyl 
(CH 3 -) groups into organic compounds. In the laboratory 
synthesis of naturally occurring substances, it is often neces¬ 
sary to introduce at some stage a methyl group in order to give 
the synthetic compound the same properties as those possessed 
by the one found in nature. 

The large quantity of methyl chloride required for its many 
uses in industry and in the laboratory is indicated by the fact 
that in 1946 the production of this alkyl halide was 28,498,000 
pounds. 

Methyl Bromide, CHaBr.— Methyl bromide, like methyl chlo¬ 
ride, is usually prepared from methyl alcohol rather than from 
the hydrocarbon. The reaction is brought about by the ac¬ 
tion of phosphorus tribromide on methyl alcohol. 

3 CH,OH + PBr, 3 OH,Br + H,PO, 

Methyl Phosphorus Methyl Phosphorous 

alcohol tribromide bromide acid 

Another commonly used method of preparation is from 
methyl alcohol and hydrobromic acid. 

CH,OH + HBr CH,Br + HaO 

Methyl Hydrobromic Methyl 

alcohol acid bromide 

Methyl bromide (boiling point, 5° C.) is now the most widely 
used gas for the closed chamber fumigation of a variety of 
foods. It is well suited to this purpose because of its remark¬ 
ably low absorption by foods and its high penetration ability. 
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It has the added advantages of having a vapor density nearly 
three and a half times that of air and of not being a fire hazard. 
Methyl bromide is the only compound that has been used suc¬ 
cessfully for Ihe fumigation of flour under atmospheric pres¬ 
sure in closed chambers. Any infestation of weevil or flour 
beetles is destroyed by such treatment. 

When methyl bromide is being used as a fumigant, proper 
precautions should be taken, since it is toxic to human beings. 
It is practically odorless and so gives no warning of its pres¬ 
ence. High concentrations show their effect slowly so that 
an individual may not realize his danger and yet may succumb 
t wo or three days later. 

Methyl Iodide, CH3I. —Iodine does not react directly with 
methane. Methyl iodide ordinarily is prepared by adding the 
correct amount of phosphorus to methyl alcohol, followed by 
the addition of iodine. The phosphorus triiodide formed is 
an intermediate product of the reaction. 

3 CH,OH + PI, -> 3 CH,I -I H,PO, 

Methyl Phosphoru.s Methyl Phosphorous 

alcohol triiodide iodide acid 

The fact that methyl iodide is a liquid at ordinary tempera¬ 
tures, while the other methyl halides arc gases, is a reflection of 
its high molecular weight, which results from the presence of 
the heavy iodine atom. Because methyl iodide is more reactive 
than the other methyl halides, it is used for inethylation reac¬ 
tions and for the preparation of Grignard reagents. 

Ethyl Chloride, C^H^Cl. —The next higher homologues of the 
methyl halides are the ethyl halides. Ethyl chloride is manu¬ 
factured commercially in very large quantities, which probably 
accounts for the existence of several methods for its prepara¬ 
tion. One method is by the action of dry hydrogen chloride gas 
on ethyl alcohol in the presence of zinc chloride. Another 
method of manufacture is by the addition of hydrogen chloride 
to ethylene, an unsaturated hydrocarbon (see page 117). 

The major portion of the ethyl chloride piroduced is con¬ 
sumed in the manufacture of tetraethyl lead. The commercial 
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process consists of the reaction of ethyl chloride with a sodium- 
lead alloy in an antoclave at moderate temperatures and pres¬ 
sures. 


4 CjH^Cl + 4 NaPb -> + 4 NaCl + 3 Pb 

Ethyl Sodium-lead Tetraethyl 

chloride alloy lead 

The student will recall that tetraethyl lead is the most widely 
used compound for improving the antiknock properties of gaso¬ 
line. The amount of tetraethyl lead added to motor car gaso¬ 
line ranges from 0.75 ml. to 3.0 ml. per gallon, the legal limit. 
The more heavily leaded gasolines usually are known to the trade 
as Ethyl or premium gasolines. 

Ijarge quantities of ethyl chloride are consumed in the manu¬ 
facture of ethyl cellulose, which is used as a plastic, as an in¬ 
gredient of lacquers, and as a transparent wrapping paper. 
Ethyl chloride also is employed as a local anesthetic for minor 
operations, as a refrigerant, and for introducing the ethyl group 
(CgHf,—) into organic compounds. 

Ethyl Bromide, OaHgBr. —Like methyl bromide, ethyl bro¬ 
mide cannot be prepared by the direct action of bromine on the 
corresponding hydrocarbon. Instead, the compound usually 
is made by the action of hydrobromic acid on ethyl alcohol. 
The hydrobromic acid is formed by the action of sulfur di¬ 
oxide on bromine or by the action of sulfuric acid on sodium 
bromide. 


NaBr + 

H,SO, 

HBr + 

NaHSO, 

Sodium 

Sulfuric 

Hydrobromic 

Sodium hydrogen 

bromide 

acid 

acid 

sulfate 

HBr + 

Hydrobromic 
acid 

C,H,OH 

Ethyl 

alcohol 

C,H,Br + 

Ethyl 
bromide 

H,0 


Ethyl bromide, a liquid, is used as a local anesthetic, and to 
a limited extent as an ethylating agent, but its increased re¬ 
activity over ethyl chloride does not, in most cases, overbalance 
its increased cost. 

Ethyl Iodide, CsHgL —Ethyl iodide is made by the action of 
red phosphorus and iodine on ethyl alcohol At room tern- 
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perature the reaction is slow, and heating to boiling under a 
reflux condenser is employed to accelerate the reaction. Be¬ 
cause ethyl iodide is the most reactive of the ethyl halides, it is 
used in laboratory synthesis for the introduction of the ethyl 
group into compounds, but it is too expensive as yet for most 
commercial purposes. 

Propyl Chloride, C3H7CI. Position Isomerism. —Alkyl halides 
containing three carbon atoms can be prepared from the cor¬ 
responding alcohols with the desired configuration of carbon 
atoms by methods similar to those used for the synthesis of 
ethyl and methyl chlorides. There are, however, two propyl 
alcohols; hence, it is possible to obtain two propyl halides. These 
compounds illustrate the type of isomerism known as position 
isomerism. In this type of isomerism the difference between the 
isomers is due solely to a difl’erence in the position of one atom 
or group in the molecule. 


H H H 
II—C— u —Cl 

I I I 

H H H 


n-Propyl chloride 
or 

1-Chloropropane 


H H H 
H—i—i—t—H 

I I I 

H Cl H 

Isopropyl chloride 
or 

2'Chloropropaiie 


The only difference between the two propyl chlorides is the posi¬ 
tion of the chlorine atom in the molecule. These two compounds 
have different physical properties even though they have the 
same molecular formula. Such a phenomenon was defined earlier 
as isomerism. 

Other Alkyl Halides. —Alkyl halides containing more carbon 
atoms than those already discussed are known, and they can be 
prepared by the same general methods that have been outlined 
for the simpler compounds. Some of these compounds are pre¬ 
pared for use as solvents or as reagents for special syntheses. 

Alkyl Halides in General, — Methods of preparation. There 
are certain ‘'type'^ reactions that are applicable to the prepara¬ 
tion of the monohalogen derivatives of the hydroc*arbons.* 

•Special methods are required for the preparation of the alkyl fluorides. 
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One method involves the action of a phosphorus-halogen com¬ 
pound on an alcohol. In the following equations, R again is used 
to represent an alkyl group, and X, a halogen atom. 

3 ROH -f PX, 3 RX 4- H^PO, 

An alcohol Phosphorus An alkyl Phosphorous 

halide halide acid 

Another method of preparation is by the action of a halogen 
acid on an alcohol in the presence of a catalyst, which in this 
instance acts also as a dehydrating agent. 

ROH + HX ^ KX + 11,0 

This latter reaction is best suited for the preparation of the 
lower halides, that is, those with few carbon atoms in their 
molecules. The reaction of a halogen acid with alcohol is some¬ 
what analogous to the neutralization of a base by an acid in 
inorganic chemistry. 

NaOIl 1 HCl NaCl + H,0 

One important difference between tliese two reactions is that in 
the neutralization reaction the formation of NaCl is instan¬ 
taneous, because ions are reacting, while the formation of the 
alkyl halide is a comparatively slow process since the alcohol is 
not ionized. 

A third metliod depends on the addition of halogen acid to 
unsaturated hydrocarbons (see page 121). 

Physical properties. As a class the alkyl halides are insoluble 
in water and soluble in such common organic solvents as alco¬ 
hol, ether, and acetone. The monohalogen derivatives of the 
hydrocarbons have a pleasant, sweet odor. They are colorless 
when pure, although the iodides decompose slowly on standing 
to become yellow or brown, depending on the amount of free 
iodine liberated. By reference to Table VII it will be noted that, 
for a given alkyl group, the boiling point and specific gravity 
increase in this order: fluorine, chlorine, bromine, and iodine. 
Methyl fluoride, methyl chloride, methyl bromide, ethyl chlo¬ 
ride, and ethyl fluoride are gases at room temperature, but the 
rest of the lower members of the series are liquids. The first 
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solid alkyl halide is CigHgil. In general, for a given halogen 
compound the boiling point increases with an increase in the 
molecular weight of the alkyl group. 

Table VII 

Physical Constants op Ai-kyl Halides 


COMMON NAME 

FORMULA 

B.P. 

'’C. 

SP. OR. 

20 V 4 ® 

Methyl iodide 

OH,I 

42 

2.279 

Ethyl iodide 

Cll3CH,I 

72 

1.933 

n-Propyl iodide 


102 

1.747 

Isopropyl iodide 

CH3CIIICII3 

89 

1.703 

n-Butyl iodide 

Cll^CH^tUI/Ui,! 

129 

1.017 

Methyl bromide 

(JIl^Br 

5 

1.732 

Ethyl bromide 

CH^CH^Br 

38 

1.430 

n-Propyl bromide 

CII^CH^ClI^Br 

71 

1.353 

Isopropyl bromide 

CH 3 CHBrCH 3 

60 

1.310 

n-Biityl bromide 

CHaCH^CHjCH^Br 

101 

1.275 

Methyl chloride 

OII 3 CI 

-24 

0.920 

Ethyl chloride 

CH3CH3CI 

12 

0.910 

n-Propyl chloride 

CHgCH.CH/n 

47 

0.890 

Isopropyl chloride 

CH3CHCICH3 

37 

0.860 

n-Butyl chloride 

CH3CH2CH3CH3CI 

78 

0.884 

Methyl fluoride 

CH3F 

-78 

0.877 

Methyl chloride 

CH3CI 

-24 

0.920 

Methyl bromide 

CII,Br 

5 

1.732 

Methyl iodide 

CII3I 

43 

2.279 


Chemical properties. The hydrocarbon residues in the alkyl 
halides have practically the same reactivity as the original hy¬ 
drocarbons. Accordingly, the alkyl halides as a group are rel¬ 
atively nonreactive. Because of this relative stability, tliey 
are used widely as solvents, one requirement of a good solvent 
being that it will not react with the dissolved material. 

The most important chemical reactions are those that involve 
the functional group.* One difference between organic and in¬ 
organic compounds is that, as a rule, organic compounds in 
solution are not ionized or are ionized only to a slight extent. 
For example, in the case of the alkyl chlorides, there is no re¬ 
action with an aqueous solution of silver nitrate, whereas the 
reaction of aqueous silver nitrate with an inorganic chloride, 

•The functional group Is the reactive atom or group present in a mole¬ 
cule. 
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like sodium chloride, results in the immediate formation of silver 
chloride. In order to bring about reactions between alkyl 
halides and various other substances, it usually is necessary to 
heat the materials for a considerable time. 

In the presence of water the alkyl halides react with hydrox¬ 
ides to form alcohols. This is a very useful laboratory method 
of preparing the less common alcohols. 

H,0 

RX + NaOH-> ROH + NaX 

An alkyl An alcohol 

halide 

The student should remember that this is the course of the re¬ 
action only when alkyl halides react with alkalies in the presence 
of water. If the same reaction takes place in an alcoholic solu¬ 
tion, an unsaturated hydrocarbon is fonned (sec page 119). 

Alkyl halides react with inorganic cyanides to form nitriles. 

RX + KCN RCN + KX 
A nitrile 

The cyanide group in the nitrile then can be made to react with 
water to form the carboxyl group characteristic of organic acids. 

Hydrocarbons are formed by the reaction of an alkyl halide 
with an active metal, such as sodium (Wurtz reaction, see page 
70 ). 

2 RX + aNa —> RR + 2 NaX 

For example: 

2 C^I + 2 Na + 2 Nal 

Methyl iodide Ethane 

The student will be aided in writing the various equations in¬ 
volving alkyl halides and in understanding their uses if he bears 
in mind that the reactivity of the alkyl halides in the order 
of increasing activity is fluorides, chlorides, bromides, and 
iodides. This is the opposite of the chemical activity of the free 
halogens, a fact that may afford the student an association that 
will aid him in recalling this information. Since chlorine is so 
much more active than iodine, its combination with the alkyl 
radical is brought about more easily, the reaction is more vigor¬ 
ous, and the product formed is more stable than is the case with 
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iodine. There is less tendency for the molecule to ‘‘break up’' 
and react with some other substance. Iodine, on the other hand, 
is more difficult to bring into combination, and when the com¬ 
pound is formed, it is less firmly held together than is the case 
for chlorine compounds. Even though the alkyl chlorides are 
less reactive than the other common alkyl halides, they are more 
often used industrially because of their low cost. Their un¬ 
reactivity is overcome to a large extent by operating under pres¬ 
sure and at high temperatures. 

Qrignard Reagents.—One of the most important tools of the 
organic chemist is a class of compounds that results from the 
reaction between alkyl halides and magnesium in the absence of 
water. This reaction was discovered by Grignard, a French 
chemist, and the reaction has been named in his honor. Re¬ 
actions that have been named after their discoverer are very 
numerous in organic chemistry. Probably this is a better way to 
perpetuate a name for posterity than to have it inscribed on 
some mausoleum. In recognition of his discovery, Grignard was 
awarded half of the Nobel Prize for chemistry in 1912. 

The following equations illustrate the formation of Grignard 
reagents from an alkyl halide : 



ether 


RX + 

Mg- > 

absence of water 

EMgX 

Alkyl halide 

ether 

Grignard reagent 

CH,a 

+ Mg- > 

absence of water 

CH,MgCl 

Methyl 

chloride 


Methyl magnesium 
chloride 


The reaction fiask and all chemicals must be absolutely dry, for 
if water is present, the Grignard reagent will react with the 
water to form hydrocarbons, and thus will not be available for 
other usually more desirable reactions. Grignard reagents, of 
which methyl magnesium chloride is an example, are among the 
most widely used reagents in synthetic organic chemistry. The 
specific reactions in which Grignard reagents are involved will 
be mentioned later when the compounds formed are discussed. 
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The Grignard reagents are examples of a class of compounds 
in which a metallic element is combined directly with a carbon 
atom. These compounds are termed organometallic compounds, 
llecently there has been an increased use of the organolithium 
compounds (RLi) because, in general, they are more reactive 
than the organomagnesium compounds. They are formed by the 
reaction of metallic lithium with the HMgX compounds. 

Although silicon is nonmetallic in its ])roperties, organic com- 
l)ounds of silicon are often included in discussions of organo¬ 
metallic compounds. Since alkyl halides are employed in the 
preimration of an important group of the organosilicon com¬ 
pounds and becau.s(‘ of their many recent industrial applica¬ 
tions, we shall consider briefly the chemi.stry of the silicones. 

From the stand])oint of practical a})])lications, the most impor¬ 
tant organosilicon compounds are those of the type, R 3 Si(). 
However, in order to understand the naming and synthesis of 
these compounds it is necessary first to consider other compounds 
of sili(*on. From the standpoint of stimcture the .simj)le.st co¬ 
valent compound of silicon is the hydride, Sill^, named dlane. 
Because of the relation in .structure the comi)ound (ClFGoSiCh, 
is called dimethyl-dichlorosilane. There are two general meth¬ 
ods of preparing these dialk.ylhalosilanes. 

In the direct method ^ alkyl halides in the liquid or vapor 
])hase react with elementary silicon in the pre.sence of a coj>- 
per catalyst. The reaction with methyl chloride is given as a 
specific example. 

Cu 

2 CII 3 OI + Si -> (CH^d^SiCh 

Methyl Silicon Dimethyl- 

chloride dichloroHilane 

In the substitution methods, the Grignard reaction is now 
used in plant-scale operations. 




Dry 




ether 


CH3C1 

+ Mg 

-> 

CHaMgCl 

Methyl 

Magnesium 



chloride 



Methyl magnesium 




chloride 


2 CH.MgCl + SiCh (CHDjSiCn, + 2 MgCl, 

Silicon 
tetrachloride 
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The dimetbyl-diehlorosilaiie obtained by the use of cither 
of these general methods is then hydrolyzed to the desired di- 
methylsiloxane. 

-f H,0 + 2 HCl 

Dimethyl si 1 oxan e 

^ (methyl silicone) 

Under various conditions and })y selected methods, methyl sili¬ 
cone and similar compounds can be caused to add repeatedly 
to each other to Form polymers with unique and useful prop¬ 
erties. 

The low molecular weight silicone polymers are oils that are 
remarkable for their small change in viscosity with changes in 
temperature and tlieir chemical inertness. These properties 
make them of special value as lubricants and hydraulic fluids. 
A specific example of the relatively small change of viscosity 
('f a silicone oil may be helpful. 

At 100'^ V. a silicone oil and an ordinary hydrocarbon lubri- 
(*ating oil both had a viscosity index of 100. After cooling both 
oils to -35° F. it was found that the silicone oil had seven times 
its former viscosity while the hydrocarbon oil had increased 
ISOO fold in viscosity. 

The silicone resins have a higher molecular size than the 
silicone oils and greases. Silicone resins used in protective and 
decorative finishers have shown excellent resistance to heat, 
weather, and various chemicals. When pigmented with heat- 
resisting pigments, these finishes withstand 1000° F. for a few 
hours and 500° F. for several hundred hours. Since silicone 
finishes are so new and facilities for i)roducing them are limited, 
they have not been used widely. If volume production reduces 
cost, the silicone resins appear to have a bright future. 

Silicone rubbers, if compared to the silicone ojls and resins, 
are superpolymers of high molecular weight. In common with 
the other silicone polymers, silicone rubberor elastomer 
shows exceptional thermal stability. This material does not 
melt when heated in air at 300° C. and its elasticity persists 
at -55° C. In addition it has excellent electrical insulating 
properties. 
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Silicone rubbers are odorless, tasteless, and nontoxie. These 
properties have made it possible to build wire-cloth reinforced 
belts for use in the food processing industries, h^ods are placed 
directly on the belts and although the belt temperatures may 
reach 225° C. during dehydration of the food, the nibber is 
unaffected and contributes no objectional flavor to the food. 

Silicone elastomers are being used to replace rubber in the 
core of golf balls. 

Dihalogen Derivatives of Paraffin Hydrocarbons. Methylene 
Halides. —The dihalogen derivatives of the methane series are 
less frequently encountered than the alkyl halides. They are 
made usually from the higher halogen derivatives, as for ex¬ 
ample : 

HCl 

CHCh + 2 [H]-> + HCl 

Zn 

Chloroform Nascent Methylene 

hydrogen chloride 

Methylene chloride is used as a refrigerant in air-conditioning 
equipment and as a solvent in the extraction of caffeine from 
coffee and tea. Methylene chloride is the liquid in the ''Bubblc- 
Lite'’ type of Christmas tree lights. It is important for the stu¬ 
dent to remember that the -CH 2 - group is known as the 
methylene group, for it will be encountered frequently in or¬ 
ganic chemistry. 

Methylene iodide, CHgIg (diiodomethane), because of its high 
percentage of iodine, has the unusual property of having a 
specific gravity of 3.325, far greater than that of common liquids 
other than mercury. Liquids with specific gravities from 0.878 
to 3.325 can be obtained by mixing methylene iodide and ben¬ 
zene in various proportions. Such liquids are used for the 
gravity separation of refuse material in the processing of ores. 
The specific gravity of the liquid is adjusted so that one material 
sinks while the other floats. 

Methylene iodide can be prepared by the action of hydriodic 
acid on iodoform. 

HCi;, + HI L + CHA 

Iodoform Hydriodic Methylene 

acid iodide 
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Dihalogen derivatives of higher homologues of methane gen¬ 
erally are made from the unsaturated hydrocarbons, and they 
will be considered in our discussion of this class of hydrocarbons. 

Chloroform, CHCI3.— Chloroform, tlie compound in which 
three chlorine atoms have been substituted for three hydrogen 
atoms of the methane molecule, has the chemical name trichloro- 
methane. It is not prepared directly by the action of chlorine on 
methane, but is made by the reduction of carbon tetrachloride 
with moist iron. 

Fe 

CCl, + 2 [H]-^ CHCl, + HCl 

H,0 

Carbon Chloroform 

tetrachloride or 

trichloromethane 

Chloroform is a colorless liquid with a pleasant odor. It is in¬ 
soluble in water, but is soluble in the organic solvents. It was 
one of the first substances (1848) to be used as a general anes¬ 
thetic, and it is still employed for this purpose, although to a 
limited extent. Chloroform has the advantage over other an¬ 
esthetics in being noninflammable. It still is used in country 
practices where open flame lamps must be used. 

One important reason that chloroform is not being more 
widely used is the fact that in rare cases it causes death by 
poisoning the heart muscles or the liver. Also, it reacts with 
oxygen in the presence of light to form phosgene, a poison gas 
used in World War I. 

2 CHCl, + O, 2 COCl, + 2 HCl 
Chloroform Phosgene or 

carbonyl chloride 

To retard the formation of phosgene, chloroform is kept in brown 
bottles or in metal cans that are filled as completely as possible 
to exclude air, and to which about 1 per cent of alcohol has been 
added. 

Chloroform is an excellent solvent for fats, rubber, and other 
organic compounds. 

Bromoform, GHEts. —^Bromoform, the halogen derivative of 
methane that contains three bromine atoms in each molecule, is 
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a colorless liquid made by treating alcohol with bromine and 
alkali. It has some uses as a drug. 

Iodoform, CHI3.— When three hydrogen atoms of methane 
are replaced by iodine atoms, the resulting compound is a 
lemon-yellow, crystalline solid with a persistent odor. It is 
known as iodoform. Before the drug department of ‘'drug¬ 
stores’’ was relegated to an inconspicuous corner, the charac¬ 
teristic odor that pervaded pharmacies was duo mainly to iodo¬ 
form. Formerly it was used widely as an antiseptic because of 
its property of slowly decomposing with the liberation of free 
iodine. Now it is seldom used on account of its pungent odor 
and because other compounds with superior germicidal prop¬ 
erties have replaced it. Iodoform is made by heating alcohol 
with iodine and alkali. 

C,H,OH + 4 I, + 6 NaOH 5 Nal + 5 11,0 + HCO,Na f llCl^ 
Ethyl Sodium 

alcohol formate Iodoform 

The formation of iodoform, as illustrated in this reaction, is 
often used as a positive test for alcohol in an unknown solution. 

Carbon Tetrachloride, CCI4, —The fully substituted chlorine 
derivative of methane bears the chemical name of tetrachloro- 
methane and is commonly known as carbon tetrachloride. Com¬ 
mercially, it is not made by the direct reaction between chlorine 
and the hydrocarbon, but rather by passing chlorine into carbon 
disulfide. Iron, iodine, or antimony pentasulfide is used as a 
catalyst. 

CS, + 3 Cl, CCl, + S,C1, 

Carbon Carbon Sulfur 

disulfide tetrachloride chloride 

Carbon tetrachloride is a water-clear liquid with a pleasant 
odor. It is insoluble in water, but soluble in the organic solvents. 
Because of the high proportion of chlorine in the molecule it is 
not combustible, and since it volatilizes easily, it is used in the 
hand type “Pyrene” fire extinguisher. It is effective as a fire 
extinguisher because it cuts off the supply of oxygen and ab¬ 
sorbs 47 calories per gram evaporated, thus often cooling the 
material below the kindling point. It is very effective for oil 
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fires and fires where there are dangerous electric currents. 
Breathing the vapors of carbon tetrachloride has a bad effect on 
the heart and causes severe headaches. In the case of very hot 
fires, such as ether fires in the laboratory, considerable quan¬ 
tities of phosgene, a poisonous gas, are formed, (iood ventila¬ 
tion should always follow the use of carbon tetrachloride as 
a fire extinguisher. 

Carbon tetrachloride is used for the commercial manufacture 
of chloroform and as a solvent for fats, rubber, and other organic 
substances. It is often added to solvents, such as naphtha gaso¬ 
line used in dry cleaning, to reduce the fire hazard that Ls pres¬ 
ent when such large quantities of gasoline are used. The com¬ 
mercial product, Carbona, owes its effectivene-ss in dry cleaning 
and its noninflainmability to the fact that it is mainly carbon 
tetrachloride. Taken internally in proper doses, carbon tetra¬ 
chloride is effective in the treatment of hookworm. Large 
(loses are poisonous. 

Sink-Float Process. —Pentachloroethane and tetrabromoethane 
are used in the ‘\sink-float'^ process for the gravity separation 
of coal from refuse materials. Mixtures of these halogen hydro¬ 
carbons can be prejiarcd so as to have a high enough sx)ecific 
gravity to float coal, whereas rock, slate, and other noncom¬ 
bustible materials sink to the bottom. In carrying out the 
process, the mixture of coal and slate is treated with an ''active 
agentto prevent the adherence of the active liquids to the 
coal. The discovery that picric acid could serve this purpose 
made the process practicable commercially. When picric acid is 
used, only about one-half pint of the chlorinated hydrocarbons 
are lost per ton of the processed coal and slate. 

The sink-float process is not restricted to the mining of coal; 
it can be applied to the processing of lead, copper, and other 
ores. The development of the gravity-separation process makes 
available huge supplies of low-grade ores that could not be mined 
profitably by earlier methods. 

Fluorine Compounds. —Urgent wartime requirements greatly 
accelerated research on the chemistry of organic fluorine com¬ 
pounds, and the development of means of preparing them. It 
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api>ears that this development may have opened up a whole new 
field of organic chemistry. For a detailed discussion the origi¬ 
nal papers should be consulted. Reference to a recent sym¬ 
posium on fluorine chemistry is given at the end of this chapter. 

The preparation of fluorine compounds by the direct reaction 
betw^een hydrocarbons and fluorine requires special conditions 
since such reactions often take place with explosive violence. 
A more generally used method involves the chlorination of a 
suitable starting material and replacement of most of the 
chlorine with fluorine by the use of anhydrous hydrogen fluoride 
in the presence of antimony salts. Further fluorination is ob¬ 
tained by the use of silver difluoride (AgFg) or cobalt tri¬ 
fluoride (CoFa). The preparation of chloroperfluoroheptane 
by this method is illustrated by the following equations. 

ultraviolet 

+ 12 Ch -> C,H,C1„ + 12 HCl 

light 

SbCh 

CtH,C1u + 10 HF -> C\H,ChF,o + 10 HCl 

4- 9 AgF-> C^CIF,^ + Ch -f- 4 HF + 9 AgF 

Chloroperfluoro- 

heptane 

By carefully controlling the conditions, fluoro(‘arbons can be 
prepared by the fluorination of hydrocarbons with cobalt tri¬ 
fluoride. The equation for the fluorination of n-heptane is: 

C,H„ + 32 CoF, C,F,e + 32 CoF, + 16 HF 

The cobalt difluoridc formed during the reaction is recon¬ 
verted to the trifluoride with fluorine gas. 

2 CoFj + Fa -» 2 CoFa 

Interest in fluorocarbons was aroused in 1941 when it ap¬ 
peared that their availability would greatly facilitate the separa¬ 
tion of uranium isotopes for use in the production of atomic 
bombs. The fluorocarbons are characterized by extreme thermal 
stability and resistance to chemical action so that they should 
find many valuable peacetime uses in industry. Research work 
completed and in progress makes it probable that some uses 
of the fluorocarbons will be as heat transfer and dielectric 
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media, fire extinguishers, turbine impellants, higli tem])erature 
lubricants, and noninflammable, nontoxic anesthetics. 

It is important to remember that the unusual stability of tli(‘ 
polyfluorides is exhibited only when at least two fluorine atoms 
are attached to one carbon. The compounds in which only one 
fluorine atom is attached to a carbon atom are generally so re¬ 
active as to be unstable. 

A compound that was manufactured in quantity before World 
War II is dichlorodifluorornetliane (Freon 12). It is prepared 
by the a(*tion of anhydrous hydrogen fluoride on carbon tetra¬ 
chloride in the presence of antimony salts. 

SbCla 

CCh + 2 HF -> CCbFj + 2 HCl 

Carbon Ilydrogfen Dichlorodi- 

tetrachloride fluoride fluoromethane 

1 )ichlor()difluoromethane is ideally suited for its wide use in 
household refrigerators and air conditioning units because it 
is nontoxic, noninflammable, and does not corrode moist metals. 
The physiological inertness of CCloFg has been illustrated by 
keeping animals for weeks in an artificial atmosphere of 20 per 
cent O 2 , 40 per cent Ng, and 40 per cent CCI 2 F 2 without any 
ill effects. The properties of CClgFg make it particularly valu¬ 
able for use as the refrigerant in air conditioning units for pub¬ 
lic places such as theaters as many deaths might result from 
leaking refrigerant if it were toxic, and panics might result if 
it had a pungent odor. 

Polytetrafluoroetkylene (Teflon) is a new plastic with a sta¬ 
bility unique among organic compounds. No substance has 
been found that will dissolve or even swell this plastic. It is not 
attacked below 300° C. by any corrosive agent except molten 
alkali metals. It can be heated at 300° C. for several hours with 
no appreciable loas in weight and even at -100° C. films of this 
material are flexible. In addition to these remarkable prop¬ 
erties, polytetrafluoroethylene has been found to have excellent 
electrical insulating properties. Some current uses of this 
plastic are for electrical insulation and as gaskets and packing 
in equipment for handling hot corrosive liquids. 
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Study Questions 

1. Define alkyl halides. What is their type formula? 

2. Why are alkyl halides not prepared usually by the direct reaction of a 
halogen and a saturated hydrocarbon? 

3. What properties of methyl chloride make it valuable as a refrigerant? 

4. What is a methylating agent? What class of alkyl halides is used 
most successfully for methylation reactions and why? 

5. What is an important industrial use of ethyl chloride? 

6. How does position isomerism differ from chain isomerism? 

7. Write a general equation for the preparation of alkyl halides. 

8. What is the functional group in isopropyl chloride? 

9. Write an equation for the formation of nonyl alcohol involving the use 
of an alkyl halide. 

10. Write an equation for the preparation of butane using ethyl bromide 
as a starting material. This is an example of what ^^name reaction’^? 

11. What class of alkyl halides are the most reactive? Wliy are they not as 
widely used as the alkyl chlorides? 

12. Wliat is the type formula for a Grignard reagent? How can it be 
prepared ? 

13. What is the common name for the compound formed when three atoms 
of hydrogen of methane are substituted for three atoms of chlorine? 
Give several uses for this compound. 

14. What is the common name for tetrachloromethane? What are two 
uses of this compound? 

15. Describe the principles involved in the ‘' sink-float ^ ’ process used in 
ore mining. What halogen derivatives are used in the process? 

16. Why is chloroform not used much as a general anesthetic? 

17. One test for the presence of an alcohol in an unknown solution is to 
heat it with iodine and alkali. What constitutes a positive result and 
how can it be recognized? 

18. What is Preon-12 and for what is it used? What properties make it 
well suited to this use? 

19. Explain why the reactivity of the chlorine atom in CH,C1 is so much 
less than its reactivity in NaCl. 

References 

Bakke, A. L.: The Use of Tetrachloroethane in the Eradication of 
European Bindweed, J. Am. Soc. Agronomy 33: 759, 1941. 

Egloff, G., Schaad, R. E., and Lowry, C. D., Jr.: The Halogenation of the 
Parafiln Hydrocarbons, Chera. Bev. 8: 1, 1931. 

Hass, H. B., McBee, E. T., and Weber, Paul: Chlorination of Paraffins, 
Indust. & Engin. Chem. 28: 333, 1936. 

McGovern, E. W.: Methyl Chloride—^A Practical Refrigerant Measured 
by the Theoretical Ideal, Refrigerating Engineering 34: 29, 1937. 

Rochow, E. G.: An Introduction to the Chemistry of the Silicones, New 
York, 1946, John Wiley & Sons, Inc. 



HALOGEN DERIVATIVES 


115 


Gilman, Henry, and Collaborators: Organic Chemistry, An Advanced 
Treatise, ed. 2, New York, 1943, John Wiley &; Sons, Inc. Chapters 
5 and 11, Organometallic (-ompounds and Aliphatic Fluorides. 

Burkhard, C. A., Rochow, E. G., Booth, H. 8., and Ilartt, J.: The Present 
State of Organosilicon Chemistry, Chem. Rev. 41: 97, 1947. 

Patterson, J. R.: Silicone Resins, Use in Protective and Decorative 
Finishes, Indust. & Engin. Chem. 39: 1376, 1947. 

McBee, E. T., and Simons, J. H.: Fluorine Chemistry, Indust. & Engin. 
Chem. 39: 236, 1947. (Th>e symposium on fluorine eonipounds in 
this issue covers 181 pages.) 



CHAPTER V 

UNSATURATED AlilPHATIC HYDROCARBONS 

Introduction. —In Chapter III we discussed compounds, 
termed saturated or paraffin hydrocarbons, composed of car¬ 
bon and hydrogen. We now come to another group of com¬ 
pounds, consisting of only carbon and hydrogen, but contain¬ 
ing less hydrogen per carbon atom than those of the paraffin 
series. For example, a chemical compound that is a gas and is 
composed of only carbon and hydrogen is analyzed and found 
to have the molecular formula C 2 H 4 . This compound has been 
named ethylene; it is the first member of an homologous series 
known as the olefin, alkene, or ethylene series. The type formula 
of the series is Cnllan. These compounds are referred to as 
unsaturated hydrocarbons in contrast to the saturated or paraffin 
hydrocarbons. The members of the ethylene series combine with 
halogens, such as bromine and chlorine, by direct addition in¬ 
stead of by substitution of hydrogen atoms, as is true in the case 
of the methane series. In other words, all four valences of car¬ 
bon in unsaturated compounds are not satisfied by hydrogen or 
by other elements or groups. Early organic chemists observed 
that wlien chlorine reacted with these unsaturated hydrocarbons, 
the products were oily liquids. Because of this property, the 
name olefin, meaning oily, was given to the whole series. 

Olefin Series. —The simplest unsaturated hydrocarbons con¬ 
tain two less hydrogen atoms per molecule than do the cor¬ 
responding members of the paraffin series. In naming these 


Table VIII 

Physical Constants of Some Unsaturated Hydrocarbons 


molecular 

formula 

COMMON name 

i.u.c. name 

M.P. 

® c. 

B.P. 

• C. 

C,H. 

Ethylene 

Ethene 

-169.4 

-103.8 

C,H. 

Propylene 

Propene 

-185.2 

- 47.0 

C.H, 

n-Butylene 

1-Butene 

-130.0 

- 6.7 

C.Hj. 

n-Amylene 

1-Pentene 

-138.0 

40.0 

C.H„ 

n-Hexylene 

1-Hexene 

- 98.5 

64.1 
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compounds, according to the International Union of Chemistry 
system, the ane ending of the paraffin series is changed to ene; 
however, the more commonly used ending is ylene. Table VIII 
shows some of the physical constants of members of the olefin 
series. ; 

Ethylene. —The simplest compound of the olefin series is 

H H 


ethylene, represented by the graphic formula H—C==C—11. The 
evidence and the reasoning that lead to this graphic formula 
can be better appreciated and understood by the student if he 
will imagine himself in a laboratory confronted with the prob¬ 
lem of determining the correct graphic formula for ethylene. 

Assuming that the pure gaseous hydrocarbon has been iso¬ 
lated with the materials available in any well-equipped lab¬ 
oratory, it will be possible to analyze the compound for the 
percentage content of carl)on and hydrogen. This will show 
that there are two atomic weights of hydrogen for each atomic 
weight of carbon. A molecular weight determination will dem¬ 
onstrate that the molecular formula of ethylene is CgH^. Keep¬ 
ing in mind the fundamental concept that in most organic com¬ 
pounds carbon has a valence of 4, there are three x>ossibilities 
for representation of the graphic formula of the eomi)ound. 


H H 
H— 

A 



Valences on adjoining carbon atoms do not remain unsatis¬ 
fied for more than a very small fraction of a second; conse¬ 
quently, the unsaturated valence on each carbon atom in B 
will unite with the other to form what is known as a double 
bond, as is represented in formula A. A and C are then the 
two remaining possibilities. 

Experiments show that ethylene will combine with chlorine 
to give a compound that by quantitative analysis can be demon¬ 
strated to have the molecular formula CgH^Clg. There are two 
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compounds actually known that have this formula, but each has 
different chemical and physical properties. It follows that the 
structural arrangement of the atoms in the two compounds must 
be different. Two possible patterns or configurations of the atoms 
can be obtained by adding chlorine to formulas A and C. 


H H 

I I 

H—C—C~H 

I I 

Cl Cl 

Results from formula 
A 


H H 

I I 

H—C—C—Cl 

I I 

H Cl 

Results from formula 
C 


In order to prove which one of these compounds results from 
the reaction of chlorine and ethylene, it is necessary to present 
a reaction, the correctness of which the student must take on 
faith at this point, but which will be considered later. This re¬ 
action is that of phosj)horus ])entachloride (PCI J with acetalde¬ 
hyde (011,0^0). 

I 

H 

H H 

I I 

CH.C=:0 + PCI, H—C—C—(;i + POCl, 

I I I 

H H Cl 


Acetaldehyde Phosphorus 
pentachloride 


Kthylidene chloride 
(B.P. 57.3° C.) 


It has been demonstrated by a number of careful experi¬ 
ments that, in the foregoing type of reaction with phosphorus 
pentachloride, chlorine atoms take the place of the oxygen atom 
in acetaldehyde. The compound that is obtained from acetalde¬ 
hyde carries 2 chlorine atoms on one cai'bon atom and has a boil¬ 
ing point of 57.3° C. On the other hand, the compound that 
actually is obtained by the reaction of ethylene and chlorine has 
a boiling point of 83.7° C. Accordingly, the compound from 
the reaction of ethylene and chlorine cannot have 2 chlorine 
atoms on one carbon atom, but must have, instead, one chlorine 
atom on each carbon atom. This is possible only if formula 
H H 

A, namely, 1 | , represents the true graphic formula 

H—C«=C—H 
for ethylene. 
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Preparation. Ethylene can be prepared commercially by the 
dehydration of ethyl alcohol with the use of heat and a catalyst. 

AlA 

H,C—CH,OH -H,C=:CH, + H,0 

c. 

Ethyl alcohol Ethylene 

Large quantities of ethylene are produced by cracking pro¬ 
pane obtained from natural gas, and also by cracking gas oil 
and other petroleum tractions. 

A laboratory method for the preparation of ethylene is the 
dehydration of ethyl alcohol by means of sulfuric acid or phos¬ 
phoric acid. 

H H 0 

I I II 150*^ C. 

H,C—CH,OH + H,SO, H--C—C—0—S=:0 + H,0 -> HjC=CH, + H,SO, 

I I I 

H H OH 

Ethyl Ethyl hydrogen Ethylene 

alcohol sulfate 

In addition, ethylene can be prepared by heating an ethyl 
halide with alcoholic potassium hydroxide. 

H H 

I I alcohol 

H—C~C—H + KOH -> + KBr + H,0 

I I 

H Br 

Ethyl bromide Ethylene 

The presence of alcohol in the reaction mixture is an important 
point to bear in mind, for it was seen (page 104) that alkyl 
halides in an aqueous alkaline medium yield alcohols. 

Ethylene can be prepared by distilling a dihalogen compound 
with zinc. 

H H 

H—(Li—H + Zb ZnCl, + H,C=CH. 

u 

Ethylene dichloride* Ethylene 

Properties. Ethylene is a colorless gas with a pleasant, sweet¬ 
ish odor. It is only slightly soluble in water, but dissolves read- 

•By common usage this compound Is called ethylene dichloride (commer¬ 
cially It is prepared from ethylene) instead of the I.IJ.C. name, 1, 2-(lichlo- 
roethane. 
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ily in acetone and other organic solvents. It burns with a 
luminous, smoky flame, and mixtures of from 3 to 29 per cent 
with air are explosive. 

The student will note that two straight lines are used to repre¬ 
sent a double bond’’ in ethylene. This is a means of repre¬ 
senting the fact that two valences, or combining powers, of the 
carbon atom are mutually satisfied. The student should be 
warned against concluding that the words, double bond, and the 
graphic manner of representing it, mean that the carbon atoms 
are held together twice as firmly as in the case of a single bond. 
The combining power represented by a single bond is sufficient 
for a stable union of the carbon atoms; hence, when carbon 
atoms are joined by two bonds, not all of the combining power 
of either bond is required, so that there remains a residual af¬ 
finity available for combining with other elements or radicals. 
It follows, therefore, that the most important chemical reaction 
of ethylene is the opening-up” of the double bond to add two 
monovalent elements or groups. Accordingly, a typical re¬ 
action of ethylene is the addition of halogens. 

H,C=CH, + 04-^ H,C—CH, 

(ia ii 

Ethylene chloride or 
Ethylene ethylene dichloride 

ChlorosoL a mixture of ethylene chloride and carbon tetra¬ 
chloride in the ratio of 3:1 by volume, is used as a liquid fumi¬ 
gant for insect pests in mills and grain elevators. 

Large quantities of ethylene chloride are used in the manu¬ 
facture of ^Th g ak g ], one of the synthetic rubbers. Ethylene 
chloride also is used as a solvent for fats, waxes, and greases, 
and as a minor component in ‘'Ethyl Fluid” for addition to 
gasoline. 

If ethylene chloride is treated with chlorine at 400'’ C., 1,1,2,2- 
tetrachloroethylene (perchloroethylene) is formed. 

400® 

GlCHaGHjCl + 3 04 -> 040=001, + 4 HOI 

Ethylene dichloride Perchloroethylene 

Perchloroethylen e, sold under the trade name Perclene, is used 
extensively as a dry cleaning agent. It is noninflammable, does 
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not corrode metals, and has a lower toxicity than most other 
chlorinated solvents. 

Ethylene bromide (BrCHaCHgBr) is prepared by the direct 
addition of bromine to ethylene. Large quantities are used with 
tetraethyl lead in “p]thyl Fluid.The function of ethylene 
bromide and ethylene chloride is to prevent deposition of lead 
oxide in the cylinders. This is accomplished by the formation 
of volatile lead bromide and lead chloride, which are swept out 
o^ the cylinder in the exhaust gases. 

When finely divided nickel is used as a catalyst, ethylene 
unites with hydrogen to form a saturated compound. 


Ni 

H,C=r:CH, + H, H,C—CH, 

I I 

H H 

Ethylene Ethane 

The halogen acids add directly to ethylene to give alkyl 
halides. ' 

H,C=:CHa + HCl -» HjC—CHa 

I I 

H Cl 

Ethylene Hydrochloric Ethyl chloride 
acid 

Most of the large quantity of ethyl chloride needed in the manu¬ 
facture of tetraethyl lead is made in this way. 

Another reaction of ethylene is known as Baeyer^s test for 
unsaturation. The student will recall the deep purple color 
that a small amount of potassium permanganate (KMnO^) im¬ 
parts to an aqueous solution. If ethylene is bubbled into a 
slightlj" alkaline solution of potassium permanganate, the color 
disappears, and a brown precipitate of manganese dioxide ap¬ 
pears. This reaction was discovered by Adolf von Baeyer, and 
is a very important one, because it is used in testing for the 
presence of double bonds in organic compounds. 


SKMnO, + 4 H,0 + 3 H,C=:CH, 3 CH, + 

(in i)H 


Potassium 

permanganate 


Ethylene Ethylene glycol 
or Prestone 


2 MnO, + 2 KOH 


Manganese 

dioxide 



122 ORGANIC AND BIoLoGICAL CHEMISTRY 

The foregoing reaction is essentially the addition of two hy¬ 
droxyl groups to ethylene (or to any compound at the point of 
the double bond). If the compounds that contribute these 
radicals are omitted, the basic reaction can be expressed as: 

H.C—CH, + 2 (OH) H.C—CH, 

I I 
on OH 

Uses. Ethylene finds use as a general anesthetic. Some an- 
esthelists believe it is superior to ether, because it is easier for 
the patient to take and is attended with less x^ostoperative nau¬ 
sea and vomiting. It has little effect on blood pressure, and for 
this reason, is an excellent anesthetic for nephritic, diabetic, or 
cardiovascular patients. 

Ethylene has found widespread api^lication in the artificial 
ripening of fruits and vegetables. It speeds the natural color¬ 
ing process by causing the disappearance of chlorophyll, the 
green pigment. At the same time, it hastens the conversion 
of starch to sugar, and thus aids in making the product like the 
naturally ripened fruit or vegetable. The treatment does not 
affect the vitamin content of the products, nor does it impart 
any undesirable taste or odor. 

Many fruits and vegetables have to be picked before they are 
fully ripe if they are to be satisfactorily packed and shipped 
any distance. These products, when they arrive near their 
point of consumption, can be improved in appearance and qual¬ 
ity by artificial ripening with ethylene before they are placed 
on the market. (The consumer is willing to pay more for ap¬ 
pearance than for any other quality!) The gas has proved a 
boon to truck gardeners in the salvaging of tomatoes that have 
had to be picked green on account of threatened early frost. 
After treatment with ethylene the tomatoes develop their natural 
red color. Bananas, because of their extremely perishable na¬ 
ture, are shipped green, and before they are placed on the retail 
market they are treated with ethylene to cause the develop¬ 
ment of the attractive yellow color of the tree-ripened fruit. 
The gas treatment is used to bring a bright orange color to 
the skins of some types of oranges, which persist in staying green 
even though the fruit is fully ripe. Still other products that 
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have been successfully treated with ethylene gas are tropical 
fruits (mangoes, avocados, papayas, custard apples, jujubes, 
pineapples), apples, pears, melons, and celery. 

Kelatively low concentrations of the gas are effective, and the 
cost of treatment is negligible. For instance, the cost of treat¬ 
ing a whole carload of bananas is only about forty cents. The 
highest concentration required for any product is one part of 
ethylene to 1,000 parts of air, and concentrations as low as one 
part to 10,000 parts of air are effective for some products. 

Careful work by various investigators, notably Dr. R. B. 
Harvey and his co-workers at the University of Minnesota, has 
shown that minute quantities of ethylene are produced by 
fruits, especially ai)ples, in the natural ripening process. Ethyl¬ 
ene treatment is probably mainly a substitute for the process 
that would normally take place in the course of ripening. 

Ethylene is necessary in the manufacture of chlorohydrin, a 
liquid used in l)T’eakirig the dormant ])eriod of potatoes. Po¬ 
tatoes that have been harvested will not sprout if they 
are planted immediately, but after treatment with a solution 
of ethylene chlorohydrin they can be used at once as seed for 


a second crop. 




+ HOCl 

H,C—CH, 

1 1 

• 


1 1 

OH Cl 

Ethylene 

Hypochloroua 

Ethylene 


acid 

chlorohydrin 


Another use of ethylene is in the manufacture of ethylene 
glycol, used as an antifreeze for automobile radiators. 

H,C-CH, + NaOH H,C—CH, + NaCl 

II II 

OH Cl OH OH 

Ethylene Ethylene glycol 

chlorohydrin or Prestone 

Recently the manufacture of ethyl alcohol from ethylene has 
become an important industrial process (see page 153). 

Ethylene is the raw material for the production of poly¬ 
ethylene plastics, which have the trade name Polythene, This 
plastic first was developed in England, and commercial produc- 
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tion in the United States did not begin until 1943. It is made 
by the polymerization of ethylene at pressures of from 500-3000 
atmospheres, temperatures of 100-300° C., and with the aid of 
catalysts such as benzol peroxide or oxygen. 

high temp, and pressure 
n CH;p=CH, ^ 

catalyst 

Ethylene Polyethylene 

The polyeth^dene plastics are semirigid, waxy, translucent 
solids, which possess such properties as excellent electrical in¬ 
sulation characteristics, chemical inertness, low specific gravity, 
and low moisture absorption. Polythene is being used as in¬ 
sulation for coaxial television transmission cable. Polyethylene 
film retains its flexibility at low temi)eratures. This property 
has resulted in the adoption of the plastic for deep-freeze pack¬ 
aging. Ice cube trays, tumblers, and cigar'ette cases are other 
new applications. 

Propylene.—The next higher homologue of ethylene is the 
gaseous unsaturated hydrocarbon known as propylene. It 
is obtained industrially as a by-product of the cracking industry, 
and it occurs also in casing head gas. As in the case of ethylene, 
its most important chemical reactions are those of addition. The 
presence of another carbon atom in the molecule, however, adds 
a different feature to the addition reactions. Vor example, in 
the addition of halogen acid, the halogen, which is the negative 
part of the molecule, combines with the carbon atom holding the 
smallest number of hydrogen atoms. 

H H H 

HgC—C=C—H + HBr —> HjC—(!)—CH, 


Br 

Propylene Isopropyl bromide 

This particular type of addition was observed by a Russian 
chemist, Markownikoff, to be a general reaction for unsaturated 
compounds in which one of the carbon atoms carries fewer hy¬ 
drogen atoms than the others. The general statement of this 
type of addition, known as Markownikoff’s rule, is that in the 
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addition reactions of unsaturated compounds, the negative part 
of the adding molecule goes to the carbon atom with the fewest 
hydrogen atoms. 

The operation of this rule is also observed in the addition of 
sulfuric acid to propylene. This reaction is of industrial im¬ 
portance, for when the propyl hydrogen sulfate formed by the 
addition of sulfuric acid to propylene is treated with water, 
isopropyl alcohol is formed. 

H,0 

H,C—CH=CH, + H,SO, CH~CH-CH, -> CH 3 —CH—CH^ + H,SO, 

I I I 

HO 3 SO H OH 

Propylene Isopropyl hydrogen Isopropyl 

sulfate alcohol 

Isopropyl alcohol is a widely used solvent for lacquers, such 
as those employed in the automobile and airplane industries. 

Rather surprisingly, the reaction l)etween pi’opylene and 
chlorine at high temperatures is that of substitution rather than 
addition. 

400-600° G. 

CH^H—CH., -f Ch -^ CH^^rCHCH^Cl + HC 

Propylene 3-Chloropropene 

or allyl chloride 

This reaction is of industrial iin})ortance because allyl chloride 
by a series of reactions can be transformed into glycerin, for 
which there is a great demand. 

Butylene. —Butylene is obtained from the same sources as 
propylene. The equations for the reactions of butylene can be 
written by reference to those given for propylene, the only dif¬ 
ference being that there are an additional carbon atom and two 
additional hydrogen atoms involved. Large quantities of butyl¬ 
ene are used in the preparation of isobutyl alcohol. Before 
butylene was available from the cracking process, isobutyl alco¬ 
hol was a laboratory curiosity, but now it is available in tank 
car lots. The automobile industry consumes large quantities of 
it as one of the solvents for nitrocellulose lacquers used in auto¬ 
mobile finishes. 

There are three butylenes, or butenes, as compared with two 
isomeric forms of butane. The presence of the double bond 
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accounts for the additional isomer. Their graphic formulas and 
I.U.C. names are: 


H H H 

1 1 1 

H H H H 

till 

H H 

1 1 1 

=C—C—0—H 

1 1 

1 1 1 1 

II— 0 — 0 = 0 —C—H 

1 1 

1 1 

H— 0 — 0 = 0 --H 

1 1 

1 i 

H H 

1 1 

H H 

1 

H 1 

H— 0 —H 

1 -Butene 

2 -Butene 

1 

H 

2 -MethyM -propene 


In naming the unsaturated compounds according to the I.U.C. 
system, the numbering is started from the end of the carbon chain 
nearest the double bond; in other words, the number indicates 
the carbon atom at which the double bond starts. The follow¬ 
ing examples will help to clarify this system of nomenclature: 


II H H H H H 

I I I I I I 

H~ C—C™C--C—C—C—H 

I III 

H I H H 

cn, 

4 -Methyl- 2 -hexeTie 


H H H H H H H 

I I I I I I I 

H -(^-C— C—C^CI—C—C—H 

III II 

H H CH3 H H 
5 -Mcthyl- 3 -heptene 


The double bond increases enormously the possibility for 
isomerism in the members of the olefin series. For example, 
there are 5 pentenes, 13 hexenes, and 27 heptenes, as compared 
with 3 pentanes, 5 hexanes, and 9 heptanes in the paraffin series. 

Pentenes.—Pentenes, more commonly known as amylencs, are 
obtained from casing head gasoline and from the cracking proc¬ 
ess. The Sharpies Company has developed a unique industry 
based on the chlorination of five carbon atom saturated and 
unsaturated hydrocarbons. The amyl chlorides on hydrolysis 
give the corresponding alcohols, which, alone or as a mixture, 
are good solvents. 

Acetylene Series.—We will now focus our attention on a 
class of hydrocarbons that are more highly unsaturated than any 
thus far considered. The first member of this series, and the 
only one we shall study in any detail, has the molecular formula 
CjfHg, and is known as acetylene. It is the first member of the 
alkyne or acetylene series of hydrocarbons with the general 
formula CnH^jn-g* Compounds in this series are either named 
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as derivatives of acetylene or according to the International 
system with a yne ending; thus, the three-carbon member would 
be called either methyl acetylene or propyne. The yne ending 
is pronounced ine, as in line. 

Preparation, In 1892 a Canadian, Thomas Willson, while at¬ 
tempting to prepare aluminum in a plant in North Carolina, 
made an attempt to manufacture metallic calcium by heating 
lime with carbon. The brittle, dark-colored mass, which evi¬ 
dently wa^ not calcium (in reality it was CaCg), was discarded 
as useless. Rain fell on the pile of waste; then a lighted match 
was carelessly thrown on the dump, with the result that a most 
violent and spectacular fire ensued. Willson was prompted by 
this event to turn his attention from aluminum to the production 
of calcium carbide. 

The reaction between calcium carbide and water yields 
acetylene gas and calcium hydroxide. 

CaC, + 2H,0 + Ca(OH)a 

Calcium Acetylene Calcium 

carbide hydroxide 

This is the usual commercial method of preparing acetylene. 
The calcium carbide is produced by heating a mixture of lime 
and coke in electric furnaces at a temperature close to 3,000° C. 

CaO + 3 C -> CaC, + CO 


In the laboratory the compound can be prepared from an 
ethylene halide. 


H Br 

H—C—C—H + 

Lk 

Ethylene bromide 


alcohol 

2 KOH -^ H—C=C—H + 2 KBr + 2 H,0 

Acetylene 


Physical properties. Acetylene is a colorless gas with a faint 
garlic-like odor due to impurities. One liter of water will dis¬ 
solve a liter of the gas. Acetone, however, is an excellent 
solvent, for under atmospheric conditions one liter will dis¬ 
solve 25 liters of the gas, and under twelve atmospheres of 
pressure, 300 liters of acetylene can he absorbed by only one 
liter of this solvent. Acetylene can be liquefied, but the 



128 


ORGANIC AND BIOLOGICAL CHEMISTRY 


product is highly explosive in this form; however, the gas can 
be safely transported when it is dissolved in acetone absorbed 
on asbestos or other porous material. Use was made of these 
facts in the manufacture of the portable ^'Prest-o-lite,’' a 
cylinder holding acetylene gas dissolved in acetone and formerly 
used in the headlights of automobiles and bicycles. 

Chemical reactions. Chemically, acetylene is a very active com¬ 
pound, as might be expected from the presence of a triple bond. 
Like member's of the ethylene series, it undergoes a number of 
addition reactions, some of which are: 

1. Acetylene plus chlorine to give tetrachloroethane 

Cl Cl 

Fe I I 

C,H, + 2 Cl, -> H—C—C—H 

Cl Cl 


Tetrachloroethane has been shown by preliminary field trials 
to be effective in the eradication of European bindweed. In 
many states this plant is considered to be the most serious of 
weeds, and its immediate eradication is an urgent problem. At 
the present time, the high cost of tetrachloroethane makes its 
use for large areas impracticable. Exposure over extended 
periods to the vapors, as well as contact with the skin, is toxic 
to man so that care must be exercised in its use. 

2. Addition of hydrogen 

Ni 

C,H, + 2H, -^ H,C—CH, 

Acetylene Ethane 


It will be noted that in this manner a paraffin hydrocarbon 
(ethane) can be prepared from the highly unsaturated acetylene. 

3. Addition of halogen acid 

H H 

C.H, + HBr H—(!!=i—Br 

Acetylene Vinyl bromide* 


CH,=CHBr + 
Vinyl bromide 


H H 

HBr -r H—<!;—Br 

Bthylidene bromide 


•The radical CH» = CH- is called vinyl. 



UNSATLTRATED ALIPHATIC HYDROCARBONS 


129 


The student will observe that the second reaction, from which 
ethylidene bromide is obtained, illustrates the operation of 
Markownikoff rule. 

Like the other hydrocarbons, acetylene yields carbon dioxide 
and water on complete combustion. However, because of its 
molecular structure, an inherent characteristic property of the 
compound is that it liberates an enormous amount of heat on 
combustion, thus producing a very hot flame. 

2 CjH, + 5 O, 4 CO, + 2 H,0 + CJ 9,700 calories 

When acetylene was first shipped in metal tanks made of cop¬ 
per, or containing any copper in their construction, violent ex¬ 
plosions often occurred. Investigation of the cause showed 
that ammoniacal solutions of certain metallic chlorides, espe¬ 
cially those of copper and silver, react with acetylene to form 
acetylides. 

C,H, + Cu,Cl, + 2 NH,OH CuC=CCu + 2 NH,C1 + 2 H,0 

Acetylene Copper acetylide 

Copper acetylide is a solid, which when dry is a very tempera¬ 
mental compound, but so long as it is kept moist it is safe. Ex- 
plasions, no doubt, were tlie result of the formation of acetylides 
in the tanks. This same reaction under controlled conditions 
can be used in the laboratory for the purification of acetylene, 
for when the acetylides are treated with dilute acid, acetylene is 
regenerated. 

A reaction of much commercial importance is the formation 
of acetic acid by the interaction of acetylene and water in the 
presence of sulfuric acid and mercury salts. 

HgSO, + HjO 

C,H, + 2H,SCh-[CH,CH(080,H),]-> CH,CHO + 2 H,SO, 

Acetylene Intermediate product Acetaldehyde 

MnO, 

CH 3 CHO -> CH,€OOH 

air 

Acetaldehyde Acetic acid 

Acetic acid is the characteristic acid in vinegar, and is also a 
very important industrial chemical. The foregoing reaction 
was developed during the first World War for the manufacture 
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of acetic acid, which was one of the substances required for the 
preparation of ‘‘dope*' for the fuselage of airplanes. 

During the interrogation of German chemists at the close of 
World War II, it was learned among other things that acetylene 
was used extensively in Germany's war industries. The chemist 
largely responsible for this phenomenal development was Walter 
Reppe. He dispelled the fears of explosion associated with the 
use of acetylene gas at Iiigh pressures and employed this gas on 
a commercial scale at i)ressures of 3000 pounds per square inch. 



Figr. 19.—An oxyacetylene torch being: used to weld an airplane fuselaere. 
The heat from the combustion of acetylene Is so great that the ends of 
metal melt and fuse together at the point of the flame. The long, thin weld¬ 
ing rod, which is being fed into the flame, melts and fills the Joint. (Cour¬ 
tesy of the Linde Air Products Co.) 


Such diverse products as antimalarials, blood substitutes, nylon, 
and plastics were produced by reactions of acetylene with 
various substances in the presence of catalysts. It was revealed 
also that butadiene for the manufacture of synthetic rubber was 
obtained through a series of reactions beginning with the inter¬ 
action between acetylene and acetaldehyde or formaldehyde. 
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Uses. In addition to the uses of acetylene already mentioned, 
the gas has a very important use in the oxyacetylene welding 
torch. The combustion of a mixture of oxygen and acetylene 
gives an extremely high temperature (about 2,700° C.) that 
easily liquefies most metals. When the torch is to be used for 
cutting through thick iron plates, an atmosphere of oxygen is 
supplied for the combustion, so that the iron not only is melted, 
but also burns and flies away as sparks, as a result of the excess 
of oxygen. 



Fig. 20.—Heavy steel plates being cut with the oxyacetylene cutting torch 
at the site where they are to be used. The heat liberated by the combustion 
of the acetylene melts the steel, and a Jet of oxygen rapidly converts the 
molten iron to iron oxide, which flies away as sparks. (Courtesy of the 
Linde Air Producta Co.) 


The use of acetylene in the production of one type of syn¬ 
thetic rubber will be discussed later. 

Diolefins or Alkadienes. —The compounds in the diolefin or 
alkadiene series closely resemble the olefins in character, except 
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that they have two double bonds instead of one. They have the 
type formula CnHgn.o- This is tiie same as that for the acetylene 
series. The diolefin molecules will add four monovalent atoms, 
but the addition takes place on four different carbon atoms. In 
naming the diolefins, the ne is dropped from the paraffin name 
and diene is added. The positions of the double bonds arc in¬ 
dicated by numbers, as in Ihe case of the olefins. For example, 
ILC—C==C—C=CH., is designated as 4-methyl-l,3-pentadiene. 

Ill 

CH3H H 

Important members of this series are iso])rene and butadiene. 

CH..=rC—CH—cm (UT^CH— 

I 

CII3 

Isoprene (2-inethylV)utatliene-l,.")) Buta(Viene-I,r^ 

Compounds that have an arrangement of alternate single and 
double bonds, such as occurs in isoprene and butadiene, are said 
to contain conjugated double bonds. The increased reactivity 
of conjugated dienes is important in polymerization reactions 
such as the production of synthetic rabbers. Addition takes 
place mainly at the ends of a conjugate system. This is known 
as 1,4-addition. When this type of addition takes place, a 
double bond is formed between the center carbon atoms. 

CH^CHj + Bfj -> BrCH—ClfcrCH—CHjBr 

Butadiene-1,3 1,4 Dibromobuteiie-2 

(.1,4-addition product) 

It is importmit to remember that 1,4-addition may occur with 
compounds that have conjugate double bonds, but not with 
dienes that do not contain this arrangement of alternate single 
and double bonds. 

The occurrence of 1,4-addition to a conjugate system can be 
explained by the phenomenon known as resonance. This can 
be considered as a shifting of electrons within the molecule. 

0H,-~CH™CH~CH2 CH,=CH—CH=CH2 

i i 

± __ _i 

I II 

Since the arrangement in which there is a single unpaired 
electron is unstable, the existence of a bond between atoms 1 
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and 4 often is indicated by a dotted line connecting them. It 
is believed that butadiene and similar compounds are not a 
mixture of isomers, such as I and II, but actually arc one sub¬ 
stance whose arrangement of electrons cannot be accurately 
described by either formula. Instead the structures are a sort 
of hybrid between the two types of structures represented by 
I and II. 

BuUvdiene, The synthetic rubber program enormously in¬ 
creased the demand for butadiene since it is the principal con¬ 
stituent of the types of elastomers produced in the largest quan¬ 
tities. Butadiene is a gas at room temperatures, boiling at 
-4.6° ('. In the United States butadiene is manufactured from 
])etroleum, natural gas or ethyl alcohol. During World War II 
about one-third of the total production was derived from ah*o- 
hol. 

Since the fraction obtained from either natural gas or 
the ])roducts of the cracking process is princij)ally n-butane, the 
l)roduction of butadiene cay be illustrated by the following 
equations: 

(leliydro* catalyst, 

^CJK'ratioTi, ddiydro- 

catalyst genation 

Cira—Cn. -CH,, -(UT,-> Imtones -^ Cir,r:::CII—C1I=(.UI, 

liigli temp. high temp. 

Butane Butadiene-1,3 

The production of butadiene from alcohol involves the cata¬ 
lytic oxidation of the alcohol to acetaldehyde, which is reacted 
with more alcohol at an elevated temperature in the presence 
of a catalyst to form butadiene. The following equations in¬ 
dicate the probable course of the reaction. 

catalyst 

C,H,OII + air -> CH,CHO + U,0 

Ethly alcohol Acetaldehyde 

catalyst 

CH 3 CHO -r an.OlI -> CH~CH, + 2 H^O 

Butadieiie-1,3 

It is probable that the acetaldehyde and alcohol combine to 
form 1,3-butylene glycol, which loses water to give the butadiene. 

To appreciate some of the difficulties involved in the synthetic 
rubber program it may be noted that butadiene is very in- 
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flammable, is toxic, and is very reactive chemically. On stand¬ 
ing it is converted slowly to a polymer and must therefore be 
treated with preservatives and stored under special conditions. 

Isoprene, The structural unit of a class of cyclic hydro¬ 
carbons Imown as tcrpenes is isoprene. 

These hydrocarbons are the chief components of the essential 
oils obtained by steam distillation of the sap and tissues of cei*- 
tain ])lants, particularly those of the coniferous and citrus fam¬ 
ilies. Turpentine and camphor are terpenes, as are also oils of 
lemon and juniper. Essential oils are important in the prepara¬ 
tion of perfumes and drugs. 

Natural Rubber.—Another important pol.ymerization product 
of isoprene is the natural polymer obtained from the latex of 
the rubber tree, Ilevea hnisiliensiH. This latex is a milky emul¬ 
sion contained in the inner bark and is entirely separate from 
the sap. It is coagulated with acetic or fonnic acid, washed 
with water, and dried to give the crude rubber of commerce. 
Experimental results indicate that natural rubber is a long chain 
(linear polymer) composed of iso’jirene units. A typical por¬ 
tion of the i)olymer can be represented as follows: 

—CHa—C=:CH—CH^— (CH.— c=cn— CH..) CH,— 0 —CH—CH,—- 

I I 1 

CH, CH 3 CII 3 

The molecular weight has been estimated as ranging from 
100,000 to 400,000, or from 2000 to 6000 isoprene units. 

The elasticity of rubber is explained on the theory that there 
are regions in which the long polymerized isoprene chains are 
coiled or kinked into a ‘‘brush heap’' structure. According to 
this explanation, the stretching of rubber is the uncoiling or 
straightening of the spiral chains into a parallel arrangement. 
The recovery of “snap-back” of rubber and other elastomers 
is thought to be due to the tendency of the molecular chains to 
revert to their original, coiled, amorphous positions. 

Natural rubber as it is shipped from the plantation is not a 
very useful substance without further chemical transformation. 
It is elastic but not very tough and cannot be shaped easily into 
useful articles. Besides being sticky in hot weather and brittle 
at low temperatures, its tensile strength and resistance to abra- 
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sion are low. Natural rubber also is soluble in organic solvents 
and easily is oxidized by exposure to air. Tlie story of how 
Charles Goodyear in 1837 accidentally dropped a mixture of 
rubber and sulfur on a hot stove and then noted the remark¬ 
able change in the properties of the rubber often has been re¬ 
ferred to as the beginning of the production of satisfactory 
rubber products. This process is now known as vulcanization. 

The compounding and vulcanization of rubber is a highly 
developed, complicated art and science. The first step in the 
processing of natural rubber is milling or masticating in which 
the raw rubber is run between steel rollers revolving at different 
speeds and heated or cooled as desired. This operation softens 
or plasticizes the rubber to a point where added materials can 
be milled into it homogeneously. After rubber is softened suf¬ 
ficiently by milling, a wide variety of substances may be added, 
depending on the ultimate use of the finished product. These 
substances include accelerators, activators, antioxidants, fillers, 
pigments, and vulcanizing agents. 

The great influence of reinforcing fillers on the final product 
is well illustrated by the use of carbon black. The effect is to 
increase enormously the tensile strength and abrasion resistance 
of the natural product. In the early twenties before the general 
use of carbon black, tires containing zinc oxide fillers could not 
be relied upon for more than 3,000 miles of service. With the 
advent of carbon black as a reinforcing filler and modem meth¬ 
ods of compounding, mileages of 30,000 have become common¬ 
place. The effect of adding various carbon black fillers on the 
abrasion resistance of the butadiene type of synthetic rubbers 
is even more pronounced than their effect on natural rubber. 

Vulcanization, the final step, usually is carrried out by the 
use of heat and pressure for a controlled and definite period 
of time. The chemical changes that take place during vul¬ 
canization are not well understood, but it is known that sulfur 
reacts with the rubber hydrocarbon, possibly to give a certain 
amount of cross linking of sulfur between the isoprene chains. 

S3nithetic Rubber. —Synthetic rubbers became of great im¬ 
portance after the sudden cessation in 1942 of imports of the 
natural product from the Far East Indies. Rubber long had 
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been recognized as a vulnerable spot in America’s economic and 
defense structure. The United States, with 68 per cent of the 
world’s motor vehicles, had used about one-half the annual 
world production of rubber, or, normally, about 600,000 tons. 
About 98 per cent of this came from British Malaya and the 
Dutch East Indies. During 1941 increased use of rubber due to 



Pig. 21.—Neoprene chemical rubber being discharged from the kettle in 
which it was made by the polymerization of chloroprene, an acetylene de¬ 
rivative. At this stage it Is similar in appearance to coagulated latex from 
the rubber tree, and will be ready for use after washing and drying. (Cour¬ 
tesy of the Du Pont Co.) 

defense preparations and civilian demands raised the domestic 
consumption of rubber to an estimated total of 740,000 tons. 
In normal times 70 to 80 per cent of the rubber consumption 
of the United States is used in the manufacture of automobile 
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Table IX 

United States Synthetic Rubbers* 


MONOMERS 


POLYMER 


CH^rCHa 



Clla—-Gll—CI1=:CH, 


L - -CIL.—CH—OHj - (“CH- CH*- _ ] „ 
1 



Styrene Butadiene 


Buna S, GR*S 


CiIa=:CH 

I + CH2=:CH-CH=CHa [^-CH3~CH=:CH—CHa—CH,—CIH—]„ 

C=N I 

C=N 

Acrylonitrile Butadiene Buna N, GR-N, Chemigum 


CH2=C^-CJ [r=CJl2 [—Oils—C—CH— 


Chloroprene Neoprene, GR-M 






CH, 

L - -CH,—C=CH- CH,— (!;— CH,-.] , 

1 1 

CH,=C—CH: 


+ 

C—CR, 

CHa 



CHa 

1 

CH, CH, 

Isopreiie 


Isobutylene 

Butyl, GR-I 

Cl—cm,- 


-Cl 

+ NllaS^ 

[ - XU,— CH,—S— S— ] » 

i i 

Ethylene 

dicliloride 


Sodium 

tetrasulfide 

Thiokol, GR-P 


•The term elastomers also has been applied to this class of rubber-like 
substances. Strictly speaking, the term "synthetic rubbers’' is incorrect, be¬ 
cause these polymeric rubber-like substances do not have the same mole¬ 
cular configuration as natural rubber. In the absence of any accepted 
system of nomenclature, however, the term "synthetic rubbers" has been 
applied to these substances that possess the physical properties of natural 
rubber. 
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tires. But rubber is a vital material for many purposes other 
than the manufacture of tires. Shreve states that rubber is 
fabricated into 30,000 different articles. Mechanical rubber 
goods, such as belting, packing, and mounting for engines, 
noniially use about 10 per cent of the annual rubber consumption 



A, 

Fig. 22.— A, Household articles, such as the sink strainer and scraper, 
are now being made of neoprene. These articles give long service because 
they resist deterioration by greasy substances with which they come In daily 
contact In addition, neoprene replaces natural rubber for many industrial 
uses because of its resistance to oils and organic solvents. B, Household 
gloves made of neoprene are long lived, because they are little affected by 
the action of oils and grease. (Courtesy of Du Pont Style News Service 
and the Du Pont Co.) 
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of the United States. AI)out 6 per (‘eiit is inanufactured into such 
articles as rubber footwear, heels, soles, and raincoats; and the 
uses of rubber as an electrical insulating material account for 
4 per cent. Another 5 per cent is consumed in making a myriad 
of familiar articles such as floor mats, bathing caps, and athletic 
equipment. 



Prior to 1942 the amount of synthetic rubber produced in the 
United States was only about 1.5 per cent of the normal annual 
importation of natural rubber. When the supply of natural 
rubber was cut off suddenly, an entirely different situation de¬ 
veloped with regard to synthetic rubber. Almost overnight the 
position of synthetic rubber as a product made for special pur¬ 
poses was transformed into one of almost entirely replacing 
natural rubber. If the atomic bomb project is excluded, the 
synthetic rubber program is probably the greatest organic chem¬ 
ical and chemical engineering program ever attempted. Amer¬ 
ica’s achievement in meeting its rubber requirements is all the 
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more remarkable when it is realized that from a total synthetic 
rubber production of 25,000 tons in 1942 the production sky¬ 
rocketed to 800,000 tons in 1944. 

The five principal types of synthetic rubbers t)r elastomers 
produced during the late war and still in production will be 
discussed briefly. The molecules, called the ‘'monomers,’^ that 
are polymerized to fonn the various types of synthetic rubbers 
are shown in Table IX. A typical iiortion or segment of the 
pol}aner chain also is given. 



Pig. 23.—A step in the manufacture of Hycar, which Is made by the 
polymerization of butadiene, a petroleum product. The curds of synthetic 
latex have been coagulated with acid. After washing, the cruds are skimmed 
from the vat and made into blocks of raw synthetic rubber. (Courtesy of 
the B. P. Goodrich Co.) 


OKS. The type of synthetic rubber produced in the largest 
quantity is made by the copolymerization of the monomers, 
butadiene, and styrene. The process, according to a U. S. patent 
disclosure, consists in preparing the synthetic rubber latex by 
polymerizing a mixture of 75 parts of butadiene and 25 parts of 
styrene in an aqueous emulsion containing 180 parts of water. 
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5 x)arts of fatty acid soap as an (‘inulsifying agent, 0.3 part of 
potassium persulfate as a polymerization initiator, and 0.6 part 
of a mixture predominantly dodecylmercaptan as a ]X)]ymeriza- 
tion modifier. The entire reaction mixture is kej.)t at a tempera¬ 
ture of 50° C. for 14 hours, after which 0.2 pail of )d-naphthol 
is added to stop polymerization. At this time about 70 per cent 
of the monomers have been converted into the synthetic rubber 
polymer. After removal of the untreated butadiene and styrene, 
the latter is pumped to blending tanks where the various batches 
are mixed to form a uniform product and wdiere about 1.5 per 
e(;nt i)henyl-^-naphthyl amine is added as an antioxidant. From 
the blending tanks the latex is i)umped to a wooden creaming 
tank where brine is added to flocculate the rubber particles. 
Next it goes to the coagulation tank and the soap-conversion 
tank where acid is added and soap converted into fatty acid. 
After filtration, washing, and drying, Ihe synthetic product is 
compressed into 75 pound blocks for shipment to rubber fac¬ 
tories to be used for processing into finished articles. 

This type of synthetic rubber can be processed in the ma¬ 
chines used for natural rubber, but it requires more severe 
milling. Properly compounded (IK-S is similar to natural rub¬ 
ber in most jiroperties such as elasticity, tensile strength, and 
abrasion resistance. It is superior to natural rubber in re¬ 
sistance to aging, and has a lower permeability to gases. How¬ 
ever, it has the disadvantage of inferior rebound and high heat 
generation so that it is not very satisfactory for use in heavy 
truck tires. 

GR-N (Perbrnuin), This type of synthetic elastomer is a 
copolymer of butadiene and acrylonitrile. The ratio of the 
monomers is about 3 .T, and the method of obtaining the product 
is very nearly the same as for the GK-S process. The outstand¬ 
ing characteristic of GR-N is its resistance to oils, solvents, and 
chemical agents. These propeHies make it useful in the manu¬ 
facture of carburetor diaphragms, aircraft hoses, and printing 
rolls. Other applications are large size hoses for handling oil, 
gasoline hoses for service station pumps, and for shoe soles. 

Neoprene (GR-M) (Polychloroprene). The elastomer that 
was produced in the largest amount before the urgent need for 
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rubber substitutes arose was the one obtained from acetylene. 
Most of the fundniuental research on this j)rocess was done ])y 
the late Professor Nicuwland and his associates at Notre Dame 
University. He found that when acetylene was passed through 
a concentrated solution of cuprous chloride and ammonium 
chloride, monovinyl acetylene was formed, which, upon the ad¬ 
dition of hydi-ogen chloride gas, yielded chloroprene. In the 
presence of zinc oxide and amines or other catalysts, chloro¬ 
prene polymerizes to a pale yellow elastic mass termed ''Neo¬ 
prene” by the Du Pont Company, which has developed Nieuw- 
land s patents. It will be noted that chloroprene corresponds 
to isoprene except for the substitution of chlorine for the methyl 
group ill isoprene. 

CuCL 

2 HG—CH-> HC=C—CH^iCHs 

NH,C1 

Acetylene Moiiovinyl acetylene 

+ KCl Clh—CCl—Cn—CJI^ 
Gliloroprene 

Neoprene is similar to natural rubber in most of its prop¬ 
erties, but it is greatly superior in its resistance to sunlight, 
atmospheric oxygen, heat, oil, solvents, and chemicals. Gloves 
made from Neoi^rene are superior to rubber gloves for house¬ 
hold tasks, such as dry cleaning, furniture polishing, and paint¬ 
ing, since ordinary rubber gloves soon swell and disintegrate 
when in contact with solvents and oils. Large hoses, such as 
those used on tankers, often are made of Neoprene. Another 
use is for lining storage tanks for gasoline and other petroleum 
chemicals. 

Butyl Rubber (GR-I), This type of rubber is a result of a 
desire to produce a "tailor made” rubber with specific proj:)- 
erties. It is manufactured by the low temperature copolymeriza¬ 
tion of isobutylene and a diene, usually isoprene. Only a small 
percentage of diolefin is used so that the final product has only 
just sufficient unsaturation to permit vulcanization. Isobutylene 
and isoprene are mixed, cooled to --46° C., and fed into the re¬ 
action tank where the reaction is carried out at approximately 
the same temperature. The amount of conversion of isobutylene 



UNSATURATED ALIPHATIC HYDROCARBONS 


143 


to butyl rubber is controlled by the amount of catalyst intro¬ 
duced into the bottom of the reacting mixture. After removal 
of the unconverted monomers, the product is dried and boxed 
for shipment. 

Because the relative amounts of isobutylene and isoprene arc 
controlled, the product contains only 1 or 2 per cent of the 
unsaturation i)restint in natural rubber; hence the product is 
relatively inert chemically. This makes it suptu'ior to natui*al 
rubber for many purposes. It is resistant to acid, has high 
heat resistance, and is liighly impermeable 1o air and gases, 
such fis hydrogen, helium, and carbon dioxide. Butyl rub])er 
is well adapted to the fabrication of inner tul)es for tires bec-ausc 
of its ability to prevent diffusion of air and also because of its 
excellent tear-resistant properties. 

Since butyl rubber is soluble in gasoline and other paraffin 
hydrocarbons, it is especially suitable for irse in cements and 
coating compositions. The toxic aromatic hydrocarbons, such 
as benzene, commonly employed as a solvent for natural rub¬ 
ber in such products thus can be avoided. Other applications 
of butyl rubber are for use in fire and air hoses, electrical in¬ 
sulation, ballon fabrics, gas masks, and pontoons. 

Thiokols, The synthetic elastomers obtained by the con¬ 
densation polymerization of dihalides and sodium tetrasulfide 
are known as Thiokols. The reaction involves the loss of sodium 
chloride and the linking of the hydro(*arbon and polysulfide 
groups into long chains. There are several types of Thiokols 
depending on the raw materials used. The one obtained from 
ethylene dichloride and sodium tetrasulfide is called Thiokol-A. 
If a mixture of ethylene dichloride and propylene dichloride 
is used instead of ethylene chloride alone, the product is known 
as Thiokol-N. The raw materials for the manufacture of Thio¬ 
kols are inexpensive and plentiful. Sodium tetrasulfide is made 
from sodium sulfide and sulfur. Ethylene dichloride is pro¬ 
duced by the reaction of ethylene (a refinery by-product) and 
chlorine from ordinary salt. The polymerization reaction is 
carried out by the emulsion method using magnesium hy¬ 
droxide to emulsify the ethylene dichloride. 
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This is the only one of the syntlietic rubbers that differs 
radically in structure from natural rubber. The structure of 
its long chain polymer is shown in Table IX. There is con¬ 
siderable difference in reactivity of the sulfur atoms, two being 
fairly readily removed by treatment witli NaOH. 

Th(^ Tliiokols have some very desirable as well as some dis¬ 
agreeable prop(n'ties. The.y are unequaled in resistance to 
solvents, such as hydrocarbons, etlicr, alcohol, and many other 
organic solvents. Their strength is little afTceted by prolonged 
immersion in solvents that are injurious to natural rubber. 
The chief disadvanlage is that most varieties fiossess a disagree¬ 
able odor, exhibit cold flow, and have low abrasive resistance 
and poor heat resistance. The most import ant uses of Thiokols 
are based on their solvent resistance and im])ermeability to 
gases. They are utilized in gaskets, printers’ rolls, and hoses 
of all tyj)es foi* use in contact with solvents. Large underground 
concrete storage tanks for gasoline have been lined successfully 
with this material. 

Thiokol was used as the gasoline-resistant lining in bullet¬ 
proof tanks for airplanes and other military equipment. The 
principle of the self-sealing gasoline tank was to have this inner 
lining of a gasoline-resistant synthetic, an intermediate layer 
of nonresistant spongy rubber, and a cover of rubber and 
fabric. When tlie tank was pierced by a bullet, gasoline leaked 
through the hole in the synthetic layer, attacked the nonresistant 
layer, which swelled and closed the hole. 

The synthetic rubbers have established a well-deserved place 
for themselves. For many uses they are the equal of natural 
rubber, and they have some applications for which natural 
rubber cannot be used at all. Another advantage is that the 
continued production of American synthetic rubber at near 
capacity or even the use of one-third of capacity with the re¬ 
maining plants in a stand-by condition, will stabilize the world 
price of natural rubber. The importance of this is realized 
when it is considered that the price of natural rubber has varied 
from an all-time high of $3.12 a pound in 1910 to $1.21 per 
pound in 1925 and then to a low of 3 cents a pound in 1932, 
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Study Questions 

1. Give three names for the series of unsaturated hydrocarbons of which 
ethylene is the first member. What is the type formula for this series? 

2. Outline the procedure for proving the graphic formula of ethylene. 

3. Make a list of the compounds encountered thus far that are obtained 
from the cracking of petroleum. 

4. What is the most important type of reaction of ethylene? Write sev¬ 
eral typical equations illustrating your answer. 

5. What simple test could be used to distinguish ethylene from ethane? 

6. List four uses of ethylene. 

7. What is Markownikoff ^s rule? Give an equation to illustrate its op¬ 
eration. 

8 . Write structural formulas for all the possible amylencs and name them 
according to the I.U.C. system. 

9. Write the graphic formula for 2,4,4'-trimethylhexane. 

10 . Write an equation representing the formation of acetylene from cal¬ 
cium carbide and water. 

11 . Write an equation to show the formation of acetic acid from acety¬ 
lene. 

12. What are some of the raw materials used in the preparation of syn¬ 
thetic rubbers? 

13. What advantages do the various kinds of synthetic rubber possess over 
natural rubber? 

14. To what class of unsaturated compounds does isoprene belong? What 
is the importance of this compound? 

15. Write an equation to illustrate 1,4-addition to congugated double 
bonds. 
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CHAPTER VI 


ALCOHOLS 

Introduction. —Alcohols can be considered as hydrocarbons in 
which one or more of the hydrogens is replaced by an hydroxy 
or hydroxyl group (-OH). Their wide variety of uses makes 
them familiar to the layman as well as to the chemist, and both 
groups would find it exceedingly difficult to do without alcohols. 

Methyl Alcohol 

Structure of Methyl Alcohol. —In order to illustrate to the 
student how the graphic formula of an organic compound is 
established, and especially to enable him to understand better 
the structure of this important class of compounds, we shall 
outline the procedure used to establish the structure of the 
simplest alcohol. 

Let us suppose that we have separated by fractional distilla¬ 
tion one compound from a wood distillate. We can be fairly 
certain that we have only one compound if it boils at one tem¬ 
perature, or over a range of not more than one or two degrees. 
This is one criterion of the purity of a liquid. 

Assuming that we know nothing of the compound, it is neces¬ 
sary to make a qualitative analysis for the elements in it. One 
test is that of ignition. The gases resulting from combustion 
are passed into limewater, and are found to form a precipitate. 
This is a positive test for carbon dioxide, which is formed by the 
burning of carbon; thus we are justified in assuming that the 
compound contains carbon. 

Droplets of water are found to condense out on a cold beaker 
held just above the flame of the burning compound. This water 
results from the combustion of hydrogen present in the com¬ 
pound. 

A small quantity of the unknown substance then is dropped 
on hot metallic sodium. This mass is added to water, and tests 
that show the absence of sulfur, nitrogen, and halogens are made 
on the filtrate. The absence of a residue on ignition of the 
compound shows the absence of metallic salts. 
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The presence of oxygen in a compound is not easy to demon¬ 
strate. One fairly accurate test, however, depends on the find¬ 
ing that a solution of iodine in oxygen-free liquids is violet in 
color, while the iodine solution possesses a brownish tint in 
liquids containing oxygen. This test is made on the unknown 
substance. The result indicates that ox^^gen is present in the 
molecule. 

As a result of these tests, we can assume that the compound 
contains only carbon, liydrogen, and oxygen. 

Now it is necessary to proceed to a quantitative determination 
of the elements present in tlie compound. The percentage of 
carbon in a compound is determined by the complete combustion 
of a carefull}" weighed sample in an atmosphere of oxygen. The 
gases formed are first passed through a dehydrating agent to 
take out water. The absorption apparatus is weighed carefully 
before and after the operation. The amount of water formed, 
is determined, and from this the percentage of hydrogen in the 
sample can be calculated. 

Similarly, the increase in the weight of an absorber contain¬ 
ing potassium hydroxide gives the weight of carbon dioxide 
formed. From this quantity the percentage of carbon in the 
sample can be calculated. The percentage of oxygen is deter¬ 
mined by the difference. 

The results of such an analysis for our unknown compound 
are: 

C — 37.46 per cent (- 5 - 12 =: 3.12 -f 3.12 == 1) 

H =: 12.59 per cent (- 1 = 12.59 -f 3.12 = 4) 

O 49.95 per cent ('^ 16 = 3.12 3.12 1) 

As the calculations show, if the percentages of the elements 
are divided by their respective atomic weights, we obtain num¬ 
bers that represent the relative proportions of the elements in 
the compound. If these quantities are divided by the smallest 
one of the series, and the quotients are expressed by the nearest 
whole number, the results show the relative number of atoms of 
the different elements in the molecule. The formula that shows 
the relative number of atoms in a molecule is known as an em¬ 
pirical formula. For our unknowm compound the empirical 
formula is CH4O. 
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It is necessary now to make a molecular weight determination 
to ascertain whether or not the compound is composed of some 
multiple of this empirical formula. Such a determination gives 
the value 32; and if we add the atomic weights in our empirical 
formula, we find that they also total 32. Thus the empirical 
formula is also the molecular formula of our unknown substance. 

The molecular formula shows the total number of the various 
kinds of atom in the compound, but a graphic formula is neces¬ 
sary to show the spatial arrangement of these atoms. To estab¬ 
lish the graphic formula for an unknown compound, it is neees- 
sar}^ to resort to chemical reactions. 

Of course, if we were examining our unknown substance in 
the laboratory for the first time, it would be necessary to in¬ 
vestigate a number of chemical reactions. To shorten our dis¬ 
cussion, we shall assume that we already have discovered the 
most significant reactions. Our compound is found to react 
with sodium, resulting in the evolution of hydrogen. 

CH,0 + Na CH 30 Na + [H]* 

This reaction demonstrates that one of the hydrogen atoms must 
be linked in the molecule in a fashion different from the others, 
for only one hydrogen atom can be replaced by a sodium atom. 

If we treat our unknown compound with hydrogen iodide, we 
find that one atom of iodine replaces one atom of hydrogen and 
one atom of oxygen. Oxygen is divalent and hydrogen is mono¬ 
valent; thus, if the monovalent iodine is to replace both the 
hydrogen and the oxygen, the hydrogen and the oxygen must be 
present in the form of a monovalent hydroxyl (-OH) group. 

Remembering that carbon normally has a valence of 4, oxygen 
of 2, and hydrogen of 1, we can now write the graphic formula 
for our unknown compound as : 


H 

I 

H—C—OH 


•The student will recall that the hydrogen atom in the reaction will not 
remain as such, but will combine with another hydrogen atom to form a 
molecule of hydrogen gas, Ha. 
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The name of the compound is wood alcohol or methyl alcohol. 
It is the first member of an homologous series of compounds 
known as alcohols. The type formula for all alcohols is ROH. 

Methyl alcohol is the simplest alcohol, and is known variously 
as wood alcohol, carbinol, wood spirit, or by its I.U.C. name, 
methanol. According to the International system, alcohols are 
named by replacing the e ending of the paraffin hydrocarbon 
names by ol. Methyl alcohol is not found free in nature, but it 
occurs in the combined state as an important constituent of 
many natural products, such as oil of wintergreen and pectin. 

Preparation of Methyl Alcohol. —Methyl alcohol can be pre¬ 
pared by heating hard wood in a closed iron retort until all the 
volatile matter is expelled and a residue of wood charcoal is 
left. About one-fourth of the wood is recovered as charcoal; 
another one-fourth is converted to gases, largely methane, which 
are collected and used subsequently as fuel for the process. The 
remaining one-half forms a tar and water solution, termed 
pyroligneous acid. The aqueous solution contains about 3 per 
cent wood alcohol, 8 to 10 per cent acetic acid, and 0.5 per cent 
acetone. The acetic acid is neutralized by the addition of lime, 
forming calcium acetate, which is nonvolatile. The methyl alco¬ 
hol then is separated by fractional distillation. Because the 
compound was first obtained by this method of manufacture, 
it came to be called wood alcohol or wood spirit. 

Cheaper synthetic methods have now largely displaced the 
manufacture of methyl alcohol by the destructive distillation of 
wood. In 1923 there appeared on the New York market large 
quantities of methyl alcohol, offered for sale at about one-half the 
domestic price. This alcohol came from Germany, where it had 
been made by a secret process. It soon became known that the 
process consisted of the hydrogenation of carbon monoxide at 
high temperature and pressure, and in the presence of a special 
catalyst, to form methyl alcohol. 

300° C. 

CO -H 2 Ha-> CH,OH 

Carbon catalysts Methyl 

monoxide 250 atmospheres alcohol 

pressure 
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“Water gas/’ as the mixture of hydrogen and carbon mon¬ 
oxide necessary for the reaction is called, can be obtained read¬ 
ily and cheaply by passing water vapor over hot coke. 

H,0 + C ^ H, + CO 
Coke Water gas 

The excess hydrogen needed for the reaction is supplied by the 
electrolysis of water. 

This method is of added interest since by varying the tem¬ 
perature, pressure, and catalysts used, it is possible to obtain 
a wide variety of compounds. One blended mixture known as 
“synthol,” obtained by this method, has been shown to be suit¬ 
able for use as a motor fuel. 

Another synthetic method for the i.>reparation of methanol 
utilizes carbon dioxide and hydrogen. The carbon dioxide in a 
high state of purity is obtained as a by-product of the fermenta¬ 
tion industries during the production of butyl and ethyl alcohols. 

catalysts 

CO, + 3 H,-> CH,OH + H,0 

Carbon dioxide Hydrogen ^ Methyl alcohol 

The importance of synthetic methanol as a chemical in the 
United States can be judged when it is known that in 1946 
there were 66,157,000 gallons manufac'tured, as (*omj)ared with 
81,606,320 gallons in 1937. Of tiie 1946 pfoduction, a]>[)i‘ox- 
imately 97 per cent was synthetic. 

Methyl alcohol is a colorless liquid that boils at 64.7° C. It 
is miscible with water in all proportions. It is a very poisonous 
compound; ingestion of as little as 10 cc. may cause blindness, 
and larger quantities can cause death. Its vapors tend to have 
a destructive effect on the optic nerve. For this reason, it is un¬ 
desirable to use wood alcohol as an antifreeze in automobile radi¬ 
ators. As the temperature of the engine rises, the alcohol tends 
to vaporize, and the fumes fonned are blown back into the car 
and are inhaled by the occupants. 

Ohemical Properties. —^Much of the methyl alcohol of com¬ 
merce is oxidized to formaldehyde by the use of moderate heat¬ 
ing in the presence of copper or silver gauze as a catalyst. The 
formaldehyde thus formed is an important component of certain 
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types of plastics and resins. Formaldehyde also is used in 
biological and zoological laboratories for preserving specimens. 

A 

CH.OH + [O]-> H—C=0 + 11,0 

Methyl alcoliol Cu or Ag | 

H 

Formaldehyde 

More vigorous oxidation of methyl alcohol converts the com¬ 
pound to formic acid, and finally to carbon dioxide and water. 
Both formaldehyde and formic acid will be discussed in more de¬ 
tail in later chapters. 

[01 [O] 

CH 3 OH-> HCOOH-> CO, + H,0 

Methyl alcohol Formic acid 

With acids, methanol reacts to form compounds known as 
methyl esters. 

CH 3 OH -f CH 3 COOH CH 3 COOCH, + H,0 

Methyl alcohol Acetic acid Methyl acetate 

Uses. —Methyl alcohol is one of the common denaturants 
used for making ethyl alcohol unsuitable for beverage purposes, 
and thus eliminating the high government tax on beverage alco¬ 
hol. Methanol is used also as a solvent for shellacs, varnishes, 
and lacquers. It still is sold sometimes as an antifreeze for auto¬ 
mobile radiators, but the disadvantage of using wood alcohol 
for this purpose has been pointed out. Since it is a very reactive 
compound, it is used as the starting material for a large number 
of organic syntheses involving the methyl radical. On occasions 
it is used as a fuel for racing automobiles. 

Ethyl Alcohol 

Ethyl alcohol, CgHgOH, is the two-carbon homologue of 
methanol. It is called ethanol, grain alcohol, methyl carbinol, 
or spirit of wine. It is the alcohol found in alcoholic beverages, 
and is the product meant when the unqualified term alcohol is 
used. Its exhilarating effects have been known since earliest 
times. Relics found in the tombs of the Pharaohs indicate that 
fermented beverages were made at that time. 
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Preparation. —At the present time about one-third of the 
ethyl alcohol of commerce is made by the fermentation of black¬ 
strap molasses, the residue left after the crystallization of cane 
sugar. Yeast is added to a solution of molasses, and enzymes, 
which are organic catalysts (page 581), in the yeast convert 
the material to alcohol and carbon dioxide. 

enzyme 

-> 2C,H,OH f 2 CO, 

A sugar Ethyl alcoJiol 

The carbon dioxide resulting from the fermentation process is 
used in the manufacture of dry ice and in the production of 
synthetic methyl alcoliol. 

Starch from materials such as corn, barley, wheat, or po¬ 
tatoes also can be used as a starting material for the manufac¬ 
ture of ethyl alcohol. In this process, malted barley is added to 
the starch material so that the enzymes in the ‘‘malt’’ can con¬ 
vert the starch to a kind of sugar. Then yeast is added, and 
the sugar is converted to ethyl alcoliol and carbon dioxide. 

The concentration of alcoliol in tlie fermented masses very 
seldom exceeds 15 per cent, and a process of fractional distilla¬ 
tion is necessary to purify and concentrate the alcohol. 

Another means of preparing ethyl alcohol that has developed 
rapidly in the past decade is the treatment of ethylene with 
concentrated sulfuric acid, followed by liydrolysis. 

hydrolysis 

C,H, + H,SO, -» -> C,H,OH + H,SO, 

Ethylene Sulfuric Ethyl hydrogen Ethyl 

acid sulfate alcohol 

Another important future source of ethyl alcohol probably 
will be natural gas, utilizing an adaptation of the Fiseher- 
Tropsch process. This process, first used in Germany for the 
production of synthetic petroleum products from water gas, 
employed a fixed cobalt-thoria catalyst. It has been made 
commercially feasible in this country by using the fluid catalyst 
principle and an iron-containing catalyst. The products ob¬ 
tained from the process will be gasoline, Diesel oil, and a 
mixture of oxidized compounds including alcohols, acids, ketones, 
and aldehydes. It has been estimated that the production of 
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these compounds in the Fiseher-Tropsch plants may exceed 
300,000,000 pounds annually, of which ethyl alcohol will be 
the chief product. Two plants employing this process are ex¬ 
pected to be completed in 1948-1949, 

Commercial alcohol is seldom more than 95 per cent pure. 
This is true since alcohol and water form a constant-boiling 
mixture containing 95 per cent alcohol; hence, 95 per cent is as 
high a concentration of alcohol as can be obtained by fractional 
distillation. Absolute, or 100 per cent alcohol, can be prepared 
on a small scale by allowing one part of 95 per cent alcohol to 
stand with three parts of quicklime (calcium oxide). The ab¬ 
solute alcohol then is distilled into a flask provided with a cal¬ 
cium chloride tube to protect it from contact with moist air. On 
a commercial scale the water is removed from 95 per cent alco¬ 
hol by distilling the mixture with benzene. 

Chemical Properties. —Ethyl alcohol under mild oxidizing 
conditions yields acetaldehyde. Under similar conditions methyl 
alcohol gives formaldehyde. This formation of aldehydes is a 
general type of reaction for all alcohols belonging to the same 
series as methyl and ethyl alcohol. 

[ 0 ] 

C,HbOH -> CH,CHO + H,0 

Ethyl alcohol Acetaldehyde 

As do all alcohols, ethyl alcohol forms carbon dioxide and 
water on complete combustion with an adequate supply of oxy¬ 
gen. 

G,H,OH + 3 0, 2CO, + 3 H,0 
Ethyl alcohol 

Ethyl alcohol reacts with iodine in an alkaline solution to 
give iodoform (see page 110). This reaction is used as a test 
for ethyl alcohol because the iodoform is a yellow, crystalline 
substance with an easily recognizable odor. 

H H H H H H 

11 II 150* C. 11 

H—C—0~OH + H—C—C—H + H,0-> H--C=C~H + H,80, 

i[ i[ H d)—so —OH 

Ethyl alcohol Ethyl hydrogen Ethylene 

sulfate 



ALCOHOLS 


155 


The dehydration of ethyl alcohol yields an unsaturated hydro¬ 
carbon. This type of reaction is common to all alcohols contain¬ 
ing more than one carbon atom. 

The temperature for the conversion of ethyl hydrogen sulfate 
to ethylene must be carefully controlled; otherwise diethyl ether 
instead of ethylene will form. 

Uses.— ^Ethyl alcohol is used for a great variety of purposes. 

1. It is the principal component of many pharmaceuticals. 
The term ‘Hincture'’ signifies that a nonvolatile active principle 
is dissolved in ethyl alcohol. For example, tincture of iodine is 
prei)ared by dissolving 2 grams of iodine and 2.4 grams of 
sodium iodide in enough alcohol-water mixture (50 ])er cent 
alcohol by volume) to make 100 cc. 

2. Many flavoring extracts commonly used in the home con¬ 
tain alcohol. Vanilla extract is about a 40 per cent alcoholic 
sVjlution of the vanilla bean, 

3. Most perfumes contain alcohol as the principal solvent. 

4. The compound is used in large quantities in hospitals as a 
germicide. A 70 per cent solution has been found to be most 
effective for this purpose. Most rubbing compounds used in 
hospitals to soothe and cool the skin contain alcohol as the main 
component. 

5. Denatured ethyl alcohol is probably the most widely used 
antifreeze eomx)ound for automobile radiators. The only dis¬ 
advantage of ethyl alcohol for this purpose is that it must be re¬ 
placed frequently because of its relatively low boiling point. 

6. Alcoholic beverages contain different amounts of ethyl 
alcohol. Beer, for example, contains 2 to 10 per cent, wine 7 
to 20 per cent, and rum 40 to 50 per cent alcohol. 

7. Since ethyl alcohol is a common substance that is readily 
obtainable, it is the starting material for a large number of 
chemical syntheses. It is used in the manufacture of ethylene, 
ether, acetic acid, ethyl chloride, and other ethyl halides. 

8. Alcohol burns readily and is used as a fuel. Canned 
heat’’ is a gelatinous mass formed from a mixture of alcohol, 
nitrocellulose, and soap. There has been considerable agitation 
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for the use of alcohol in gasoline as a motor fuel. This use is 
now very common in Europe where there is a shortage of gaso¬ 
line. One of the principal deterrents to the use of alcohol in 
gasoline is that the alcohol must be 100 per cent pure. The 
presence of a small amount of water will cause the gasoline- 
alcohol blend to separate into two layers. It is difficult to keep 
gasoline entirely free fi’om water since small amounts are formed 
in storage or automobile tanks by condensation of moisture in 
the air due to changes in temperature. 

9. A large proportion of the butadiene for the synthetic 
rubber program in 1943-1945 came from ethyl alcohol. At war¬ 
time peak, synthetic rubber iiroduction alone took 330 million 
gallons of alcohol pel* year and other outlets required 270 mil¬ 
lion gallons. 

Denatured Alcohol.—Alcohol that is sold for beverage pur¬ 
poses is subject to federal, state, and local taxes. Because of 
these high taxes the cost of alcohol usually is far above its cost 
of actual manufacture. However, if alcohol is rendered unfit for 
beverage purposes by the addition of certain substances, it is 
not subject to these taxes. Alcohol so treated is known as de¬ 
natured alcohol. Ninety-five per cent beverage alcohol can sell 
for as much as $18.00 a gallon, whereas the price of the dena¬ 
tured alcohol is about one dollar a gallon. Some manufacturers 
buy alcohol in tank car lots of 8,000 to 10,000 gallons. When one 
considers the magnitude of the difference in cost between bever¬ 
age and denatured alcohol for this quantity, it is easy to under¬ 
stand why industry is interested in denaturing alcohol. It 
explains also why the official list of the Bureau of Internal 
Revenue approves such a large number (68) of substances that 
can be used for denaturing purposes. Because certain denatur- 
ants would interfere with a chemical process, industries are al¬ 
lowed by the government to select a substance from the approved 
list that will not interfere with its use in a particular manufac¬ 
turing process. For example, since hair tonics often contain 
salicylic acid and a high percentage of alcohol, salicylic acid 
often is chosen as the denaturant for alcohol to be used in the 
manufacture of hair tonics. 
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Other siibstances sometimes employed as denaturants are 
pyridine, formaldehyde, aniline oil, ether, camphor, quinine, oil 
of wintergrcen, and oil of rosemary. 

Alcohol Proof. —Alcohol proof is a term frequently encoun¬ 
tered in connection with alcohol. A solution that is 50 per cent 
alcohol by volume, or 42.7 per cent by weight, is termed 100 
proof; thus, 95 per cent alcoliol, which is as pure as can be pre¬ 
pared by ordinary distillation methods, is 190 proof. 


Propanol 

There are two alcohols corresponding to the formula C 3 H 7 OH. 
They are known as n-pro]ianol and isopro])anol. 


H H H 

I I I 

H—C—C—C—OH 


H H H 


n-Propanol 
B.P. 97.8° C. 


H H H 

I I I 

H—C—C—C—H 

i I I 

H I H 
OH 

Tsopropanol 
B.P. 82.3° C. 


The two compounds differ from each other in the position of 
the hydroxyl group. This is another example of position 
isomerism. 

The reactions of n-propyl alcohol are similar to those of ethyl 
alcohol. Isopropyl alcohol, liowever, on mild oxidation yields 
a ketone instead of an aldehyde. Both aldehydes and ketones 
will be considered in more detail later. 


H H H 

I I I 

H~C—C~C—H 

I I 

H OHH 



“ H OHH ^ 

I I I 

H—C—C—C--H 

I I I 

H OHH 


Isopropyl An intermediate 

alcohol product 


O 


HO—C—CH, 


+ H,0 


Acetone 


Normal propyl alcohol can be obtained by the fractional dis¬ 
tillation of fusel oil. Fusel oil is a mixture of high molecular 
weight alcohols obtained as by-products in the manufacture of 
ethyl alcohol by the fermentation process. 



158 


ORGANIC AND BIOLOGICAJ. CHEMISTRY 


Isopropyl alcohol is prepared from propylene, a product of 
petroleum cracking. Propylene is treated with concentrated 
sulfuric acid to form isopropyl hydrogen sulfate, which then is 
treated with water to give the desired alcohol. 

H H 

I hydrolysis | 

HC—C=CH, + H^C—C--CH, ^H^C—C—CH, + H^SO, 

I i I 

H O OH 

I 

0 = 8—0 

I 

OH 

Propylene Isopropyl hydrogen Isopropyl 

sulfate alcohol 

The propyl alcohols arc used in antifreeze compounds, in the 
manufacture of esters and other derivatives, and as solvents in 
the lacquer and varnish industries. 

Butanol 

Butanol, or n-butyl alcohol, is formed by fermenting ground 
corn mash witli the bacterium, Clostridiiim acetobutylirum. The 
process produces 60 per cent butanol, 30 per cent acetone, and 
10 per cent ethanol. These are separated by fractional distilla¬ 
tion. The history of the industrial production of butanol is 
interesting. The process was developed during World War I 
because of the need of acetone in the manufacture of cordite, the 
British type of smokeless powder. At that time no use could 
be found for the butanol, and since it was toxic for fish, it could 
not be dumped into the streams. The result was that large stores 
of butanol accumulated. After the war chemists turned their 
attention to finding a use for it. They found that the alcohol 
and its reaction product with acetic acid, butyl acetate, were 
excellent solvents for the nitrocellulose used in automobile 
lacquers. 

At that time one problem in the mass production of auto¬ 
mobiles was the one to two days required for the paints and 
varnishes to dry. Even after research had shown that auto¬ 
mobile finishes made from a solution of nitrocellulose and butyl 
alcohol dried quickly and were practical, the conservativeness 
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of the industry retarded the adoption of these types of paint. 
The story is told that one automobile manufacturer who had 
rejected the process was invited to a luncheon. While he was 
eating, his car was whisked away and refinished with cellulose 
lacquer applied with a pressure spray. When the man saw his 
car a short time later, his sales resistance to the new method 
broke down. The use of butanol-cellulose nitrate lacquers in¬ 
creased so rapidly that soon there was a shortage rather than a 
surplus of butyl alcohol. 

There are four alcohols corresponding to the formula, 
C 4 H 9 OH. In other words, this alcohol has four isomeric forms. 


H H H II 

I I i I 

H—C—C—C—C—OH 

I I I I 

H H H H 

n*Butyl alcohol 
(1-butanol) 


H H H H 

I I 

H—C—C—' 


^ U-U 


H H 


H 


OH 


Secondary butyl 
alcohol 
(2-butanol) 


H H H 

I I I 

H—C—C—C—OH 

i I I 

H I H 
CH, 

Isobutyl alcohol 
(2-methyM- 
propanol) 

CH, 

I 

H,C—(;—CH, 

I 

on 

Tertiary butyl 
alcohol 
(2-methyl-2- 
propanol) 


The butyl alcohols have the common names shown under their 
structural formulas, but this method of naming the com¬ 
pounds is inadequate for naming the numerous isomers of the 
higher alcohols. By using the International system, however, it 
is possible logically and clearly to name all the isomers of any 
alcohol regardless of the number of carbon atoms. The I.U.C. 
ending for alcohols is ol, as was mentioned earlier. The carbon 
chain is numbered from the end nearest the hydroxyl group, 
that is, the position of the hydroxyl group is indicated by the 
smallest possible number. The position of any alkyl side chains 
is shown by a number, as in the case of the hydrocarbons, but 
the number is dependent on the location of the hydroxyl group. 
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The I.U.C. names of the butyl alcohols shown under the common 
names illustrate this system of nomenclature. 

In another method of naming, the alcohols are considered as 
derivatives of CHgOH, which is called carhinol, or less fre¬ 
quently, methanol. Tlie carbon atom to which the Oil group 
is attached is designated as the earbinol carbon atom and the 
groups attached to it are named. The naming of the isomeric 
butyl alcohols whose structural formulas have been given will 



'Fig. 24.—One step in the production of butyl alcohol by fermentation. 
The illustration shows rows of 80 gallon culture tanks for the propafi:ation 
of the bacteria that convert cornstarch into such solvents as butyl alcohol, 
ethyl alcohol, and acetone, and the grases, carbon dioxide and hydrogen. 
(Courtesy of the Commercial Solvents Corporation.) 


illustrate the operation of the system. n-Butyl alcohol would 
be named n-propyl-carbinol, isobutyl would be isopropyl-car- 
binol, secondary butyl alcohol would become ethyl-rnethyl- 
carbinol, and tertiary butyl alcohol would be designated as 
trimethyl-carbinol. 

The four isomeric butyl alcohols also can be used to illustrate 
a method of classifying alcohols according to their structure. 
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Using R to represent an alkyl group, 
the three types of alcohol are: 

the type formulas 

H 

1 

H 

R 

R—C—OH 

1 

E—i—OH 

1 

1 

R—C—OH 

1 


1 

R 

1 

R 

Primary alcohol 

Secondary alcohol 

Tertiary alcohol 


Among the isomeric butyl alcohols, 1-butanol and 2-methyl-l- 
propanol are examples of primary alcohols; 2-butanol is a sec¬ 
ondary alcohol. The fourth isomeric form, 2-methyl-2-propanol, 
is a tertiary alcohol. 

The student will find it helpful in recalling the type formulas 
for the three classes of alcohols if he remembers that primary 
alcohols have one R group attached to the carbon carrying the 
hydroxyl, secondary alcohols have two R groups attached to this 
carbon, while tertiary alcohols have three R groups attached to 
the carbon carrying the hydroxyl group. A shorthand method 
that sometimes is encountered for representing the three classes 
of alcohols is the use of for primary, IP for secondary, and 
IIP for tertiary alcohols. 

The importance of classifying alcohols by this method must be 
emphasized, for the alcohols of each class differ markedly from 
each other in the compounds they yield on oxidation. When 
primary alcohols are oxidized, they are converted first to alde¬ 
hydes, and on further oxidation give acids containing the same 
number of carbon atoms as the original alcohol. 


E—C—OH 


K—0=0 


O 

[ 0 ] / 

-> R—C—OH 


I 

H 

Primary alcohol Aldehyde Acid 

When secondary alcohols are oxidized, they yield ketones, 
which are relatively stable to further oxidation. 


B 

1 

R—-C—OH y 

R—C~R 

-> Decomposition products 

\ 

H 

Secondary alcohol 

h 

Ketone 
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In tlie oxidation of tertiary alcohols, the carbon chain breaks 
to give acids containing fewer carbon atoms than the original 
alcohol. 


R 

I [O] 

R—C—OH -> Acids with fewer carbon atoms than the 

I original alcohol 

II 


The production of butyl alcohol in the United States in 1940 
was over 164,000,000 pounds, of which 100,000,000 pounds were 
the normal form. 

Ijike the propyl alcohols, the butyl alcohols and their est('rs 
are used widely as solvents for ^^Duco’^ and other lacquers. One 
process of pulping wood for the production of paper pul]) em¬ 
ploys butyl alcohol. 

Pentanol 

The five-earbon alcohols, CglliiOII, commonly are referred 
to as amyl alcohols rather than as pentyd alcohols or pentanols. 
There are eight isomeric amyl alcohols, six of which are now of 
commercial importance. In order to familiarize himself with 
the systematic naming of the alcohols, the student should write 
the graphic formulas for the isomeric pentanols, and name 
them according to the I.U.C. system. There are four primary 
amyl alcohols, three secondary, and one tertiary. 

Commercially, the amyl alcohols are manufactured from 
cracked liydrocarbons, fusel oil, and natural gas gasoline. 

The principal use of the amyl alcohols is for the manufacture 
of amyl acetates, which result from the reaction of these alcohols 
and acetic acid. The amyl acetates, as well as the butyl acetates, 
are employed as solvents for the nitrocellulose lacquers. 


Higher Alcohols 

Some of the monohydroxy alcohols containing more than 
five carbon atoms are of commercial importance. Sodium salts 
of the sulfated alcohols having from 8 to 18 carbon atoms are 
being used in the newer types of detergent, such as Dreft and 
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Drene. Their general foimula is KOSO^Na. They lather 
copiously even in cold, hard water. Lauryl alcohol, C 12 H 25 OH, 
found in coconut oil, is one of the alcohols used for this purpose. 

For the straight-chain isomers the boiling points and the 
specific gravities of the alcohols increase with an increase in 
molecular weight. Beginning with butyl alcohol, which is solu¬ 
ble in water only to the extent of about 8 per cent, the higher 
alcohols become progressively less soluble in water with an in¬ 
crease in the number of carbon atoms in the molecule. The 
higher molecular weight alcohols (above C 12 ) are solids at ordi¬ 
nary temperatures. 


Thiols or Mercaptans 

►Several classes of organic compounds can be considered as 
(‘ases in which a sulfur atom has replaced an oxygen atom in the 
molecule. The sulfur analogs of the alcohols are known as mer¬ 
captans, thiols, or thioalcohols. Their general formula is BSIf. 
It is important to remember that the characteristic group of 
this class of compounds is known as the sulfJn/dr'yl group 
(~-SH). 

The lUC system of nomenclature uses the ending, thiol, but 
the name mercaptan probably is more widely used. 

A general method for the preparation of thiols is analogous 
to the method used for the preparation of alcohols. An aHcyl 
halide is added to a solution of potassium hydrogen sulfide, and 
the mixture is heated. 

+ Km + K1 

Elhyl Ktliyl metcaptan 

iodide (ethanethiol) 

Ethyl mercaptan is a colorless liquid insolul)le in water Imt 
soluble in alcohol and possessing a most unpleasant odor. The 
mercaptans are notorious for bad odors. The scent of th(‘ 
skunk is due to butyl mercaptan. Because of the powerful odor 
of the lower molecular weight mercaptans, they are used as 
warning agents in commercial gas lines. A small amount of the 
mercaptan is added to the gas at the distribution station, and 
if a leak develops, that fact is soon known. 
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One of the most important reactions of the thiols is their 
ease of oxidation to form disulfides (dithiols). 

2 ESH + (0) E—S—S—E + HjO 

A mercaptan A disulfide 

(dithiol) 

Mild oxidizing agents, such as the oxygen of the air or hydro¬ 
gen peroxide, will cause this reaction. The reverse reaction of 
reduction also takes place easily. The ease with which this 
oxidation-reduction reaction takes ])laee in the human body is 
of great importance, especially in the case of glutathione (page 
561). 

Polyhydric Alcohols 

Thus far our discussion has dealt with alcohols containing 
only one hydroxyl group in the molecule; the alcohols containing 
more than one such group are referred to as polyhydric or poly¬ 
atomic, Since two hydroxyl groups on the same carbon form 
an unstable configuration, which ordinarily exists only momen¬ 
tarily, the simplest member of the polyhydric alcohols is a two- 
carbon alcohol with an hydroxyl group on each carbon atom. 
The dihydroxyl alcohols are called glycols. 

Ethylene Glycol, —The simplest glycol bears the name ethy¬ 
lene glycol, or simply glycol. Commercially it is prepared from 
ethylene. The ethylene first is reacted with hypochlorous acid 
to give ethylene chlorohydrin. 


H H 

H H 

1 1 

H—C==(>~H + HOCl 

1 1 

H—C—C—H 

1 1 


1 1 

OH Cl 

Ethylene Hypochlorous 

Ethylene 

acid 

chlorohydrin 


Ethylene chlorohydrin then is hydrolyzed to give glycol. 

H H H H 

II C. I t 

H—C—C—H + NaHCO,-^ H-~C—C—H + NaCl + CO, 

II II 

OH Cl OH OH 

Ethylene Sodium Ethylene glycol 

chlorohydrin bicarbonate 
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Glycol is derived from a Greek word glykys, meaning sweet. 
The compound is a sweet, syrupy, clear liquid. It reacts much 
as do the other alcohols, differing in that it has two reactive 
hydroxyl groups. 

Ethylene glycol forms a dinitrate with nitric acid. This com¬ 
pound is added to dynamite to lower the freezing point. Ordi¬ 
nary dynamite freezes easily, and most of the accidents in 
handling the compound formerly were the result of attempts to 
thaw the frozen explosive. However, if solutions of glycol di¬ 
nitrate are added, the freezing point can be lowered to as much 
as -8.7° F. Glycol dinitrate is itself an explosive so that its 
addition to dynamite does not detract from the effectiveness of 
the latter. 

Ethylene glycol is ideally suited for use as an antifreeze in 
automobile radiators. The boiling point of the compound is 
197.5° C., and at the ordinary operating temperatures of the 
engine it does not have an appreciable vapor pressure. This 
means that the tendency to evaporate is small. Ethylene glycol 
mixes with water in all proportions and is noncorrosive. The 
commercial antifreeze compounds, 'H^restone’’ and ^'Zerone,’’ 
are mainly ethylene glycol with a small amount of other material 
added to prevent the formation of rust by the water present in 
the radiator. An aqueous mixture of 60 per cent ethylene 
glycol freezes at -40° F. 

Hectograph stencils are made by pouring a hot glycol-gelatin- 
glue solution into a pan and allowing it to set. Hectographing 
affords a simple, inexpensive substitute for printing or mimeo¬ 
graphing, and now is used in many offices and schools. 

Ethylene glycol is used in hydraulic brake fluid. It also is 
used as a cooling agent for airplane motors. For this use it has 
the advantage that the engine can be operated at a high tem¬ 
perature without loss of the coolant. Since airplane radiators 
need not be of large capacity, they can have a small frontal area 
with the consequent advantage of less wind resistance; this also 
makes possible a smaller engine weight. The use of ethylene 
glycol as a high temperature cooling agent has been extended to 
x-ray tubes, machine guns, and army tanks. 
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Solutions of boric acid and ethylene j?]ycol are used in the 
compact ^^jclly-roir^ type of electrolytic condenser. These con¬ 
densers are formed of alternate layers of aluminum foil sepa¬ 
rated by paper or clotli, wliieh has been impregnated with the 
glycol-boric acid mixture. The nonconductor of the condenser is 
a film of aluminum oxide deposited on one sheet of the aluminum 
foil. Ethylene glycol is well adapted for use in such condensers 
because it is nonvolatile and does not corrode aluminum. With¬ 
out this compact type of condenser it is doubtful whether the 
midget radio sets would have been possible. 

Ethylene glycol and glycerol seem to be about equal in pro¬ 
ducing the desired resiliency in the glue-type rollers used for 
printing presses. 

Diethylene Glycol, HOCH^CH^OCH.CH^OH.— When ethylene 
glycol is heated with ethylene oxide, diethylene glycol results. 

CH,—CH, 

\ / + HOCn —CH,.OH HOCH..CH,OCH,CHjOH 

O 

Ethylene Ethylene Diethylene 

oxide glycol glycol 

Diethylene glycol is used as a lubricant in the textile industry. 
In the preparation of wool for spinning the fibers must be 
scoured to remove dirt. This process also removes most of the 
natural oils, and the fibers tend to become slightly brittle. It 
is necessary, therefore, to coat them with a product that will per¬ 
mit one fiber to pass easily over the other in the mechanical op¬ 
erations involved in the processing of the fibers into yarn. Di¬ 
ethylene glycol has been found very suitable for this purpose. 

The compound is added to the starch solutions used for sizing 
textiles. It prevents the starch sizing on the fibers from dry¬ 
ing out and flaking off. 

Because of its chemical structure, diethyiene glycol has proved 
to be an excellent solvent for the dyes used on textiles. 

Diethylene glycol is toxic. If this property had been known 
generally before 1937, probably the death of nearly a hundred 
persons who died from taking elixir of sulfanilamide would have 
been prevented. The solvent in the elixir was diethylene glycol. 
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As we shall see later (j3age 469), the discovej*y of sultanilamide 
and its derivatives probably was one of the most sensational 
developments in medicine within the last twenty-five years. 
The responsibility for the deaths caused by the ingestion 
of the elixir, therefore, was fixed on the diethylene glycol. 
Fortunately, a new pure food and drug act prevents the sale 
of new remedies until they have been tested fully on experi¬ 
mental animals and on human patients. 

Glycerol, C 3 H,(OH) 3 . —The simplest trihydroxy alcohol is 
known as glycerin or glycerol. Its graphic formula shows that 
it contains two primary and one secondary alcoholic groups. 

H 

I 

H—C—OH 

I 

H—0—OH 

I 

H~C~OH 

I 

H 

Large quantities are obtained as a by-product of the soap 
industry. P^ats contain glycerol as a part of the molecule. The 
glycerol is set free when the fats are hydrolyzed with alkalies 
to form soaps. 

A recent development is the manufacture of glycerol by the 
chlorination of propylene at 400° to 600° C., forming allyl chlo¬ 
ride, CHo=«CII—CH 2 CI. This compound is converted to gly¬ 
cerin dichlorohydrin, which then is hydrolyzed to glycerol. 
Large quantities of glycerol potentially are available from the 
petroleum industry. It seems likely that this situation will 
stabilize the price of glycerol, which has fluctuated widely in the 
past, since it depends on the amount produced by the soap 
industry. 

Like glycol, glj^cerol is a clear, syrupy, sweet-tasting liquid 
that is miscible in all proportions with water and with alcohol. 
It is hygroscopic, and, therefore, absorbs moisture from the air. 

In general, its chemical properties are similar to those of the 
other alcohols. Its most important chemical reaction is with 
nitric acid to yield glyceryl trinitrate, commonly known as nitro¬ 
glycerin. Glycerol is treated with concentrated nitric acid in 
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the presence of sulfuric acid, which acts as a dehydrating agent. 
The reaction mixture is kept below room temperature. 


H 

H 

1 


j 

H—C—OH 

1 

H—C- 

-0—NO, 

J 

H,80, 1 


H—C—OH + SHNO, 

-> H-C- 

1 

-0—NO, 

j 

H—C~OH 

1 

I 

H-C- 

1 

-O—NO, 

1 

H 

1 

H 


Glycerol Nitric acid 

Glyceryl trinitrate 


The nitroglycerin formed is a liquid, insoluble in water and 
very sensitive to shock. The basis for the effectiveness of nitro¬ 
glycerin as an explosive lies in the fact that all the products of 
the explosive reaction are gases. Furthermore, the heat of the 
reaction causes a considerable increase in the volume of the gases. 
At the time of the explosion the gases formed occupy 10,000 times 
the volume of the liquid material. 

4C,H,(NO,), 12 CO, + 10H,O + 6 N, + 0, + heat 

Nitroglycerin 

Liquid nitroglycerin in long cans is used in ^‘shootingoil 
wells. The violent explosion breaks the oil-retaining sand¬ 
stone, and often turns a nonproducing well into a flowing one. 

Since nitroglycerin explodes so readily with a slight jar or 
shock, the liquid is dangerous to handle or transport. This dif¬ 
ficulty was overcome by Alfred Nobel, a Swedish engineer and 
founder of the Nobel Peace Prizes. He found that by mixing the 
nitroglycerin with infusorial earth, “kieselguhr,’’ the substance 
was safe to handle and did not lose any of its explosive power. 
Such a mixture he called dynamite. Nitroglycerin in the form 
of dynamite requires a detonator to explode it. In practice, 
the detonator present in dynamite caps is mercuric fulminate, 
Hg(ONC),. 

Glyceryl trinitrate is employed in medicine to dilate the blood 
vessels in certain heart conditions and to secure relief from pain 
in such conditions as angina pectoris and gall bladder colic. 

A reaction peculiar to glycerol is its dehydration by heating 
to fom acrolein, especially in the presence of metals or sodium 
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bisulfate. This compound is an aldehyde with a pungent, dis¬ 
agreeable odor*. Acrolein is responsible for the acrid odor of 
overheated bacon and other fat-containing substances. 


H 


H 

1 

j 

H—C—OH 


1 

H—C 

1 

Fe or 

II 

H—0—OH 

-> 

H—C 

H—(!v-OH 

1 

NaII80, 

1 

H~C=0 

H 



Glycerol 


Acrolein 


Acrolein sometimes is used as a warning agent in refrigerator 
gases, and in the gases used for domestic heating and cooking 
purposes. Because of the pungent smell of acrolein, there is no 
difficulty in detecting escaping gas. 

Glycerol has many uses other than its use in the manufacture 
of explosives. Ester gums, for example, are prepared by heating 
rosin and glycerin under pressure until condensation takes 
place. They are of primary importance in the manufacture 
of enamels, paints, and cellulose lacquers, and when they are 
combined with tung oil, they form waterproof varnishes. The 
reaction between glycerol and phthalic anhydride as well as 
glycero] and maleric anhydrides yields alkyd resms. In 1946 
over 188 million pounds of these resins were used in lacquers, 
enamels, and other protective coatings. 

The hygroscopic property of glycerol is utilized in the applica¬ 
tion of medicine to the skin and mucous membranes. The effect 
of pure (100 per cent) glycerol mixed with healing substances 
is to produce mild irritation by the withdrawal of water. Thus 
the penetration of the healing ingredients is facilitated. 

When glycerol is diluted abput 50 per cent with water, it loses 
its irritating effects and acts as an emollient and demulcent. 
Due to this property it is an important ingredient in nearly all 
hand lotions and ointments. 

Dilute solutions of glycerol are excellent solvents for a variety 
of substances used in the field of medicine. The sweet taste of 
the compound is an advantage in making many medicines more 
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palatable. In cough syrups glycerol not only soothes the mucous 
membranes, but also makes the liquid more agreeable to take. 

The glyceryl phosphates of calcium, iron, and sodium are in 
gredients of many popular ‘"nerve tonics.'' These are prob¬ 
ably worthless. 



Fig:. 25.—Nitroglycerin in long, laminated Bakelite shells used for shoot¬ 
ing oil wells. The force of the explosion breaks the oil-retaining sandstone 
thus releasing the oil. The shells made of Bakelite shatter Into small par¬ 
ticles, therein minimizing danger to workers and drilling equipment. (Cour¬ 
tesy of the Bakelite Corporation. New York, N. Y.) 


Glycerol can be taken internally in fairly large quantities with¬ 
out harmful effects. This is to be expected, since the hydrolysis 
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of fats by enzymes in the intestine splits fatty foods to glycerol 
and fatty acids during digestion. 

A mixture of glycerol and litharge is used by plumbers to 
form a strong, waterproof cement. 

If glycerol is used to moisten the fingers, the separating and 
handling of sheets of paper is done easily without resorting to 
the familiar, unsanitary method. This use of glycerol is a com¬ 
mon practice among printers and mimeographers. 

The hygroscopic property of glycerol is a basis for its use in 
printing inks, stamp pads, and hectograph sheets. 

Pentaerythritol. —A ]>olyhydroxy compound, pentaerythritol, 
is finding application in coating compositions of alkyd, urea, 
formaldehyde, and modified phenolic resins; and in plasticizers, 
emulsifying agents, and waxes. 


CHoOH 

j 

-r- cium 
cii.on 

Pentaerythritol 

Study Questions 

1. A certain substance lias the following percentage composition: carbon 
65.0 per cent, hydrogen 13.5 per cent, and oxygen 21.5 per cent. A 
liter of the vapor of this substance weighs 2.42 g. at 100° C. and 760 
mm. What is its molecular formula? 

2. Describe the process for the preparation of methyl alcohol by the dis¬ 
tillation of hard wood. 

3. How can methanol be prepared from coke? 

4. Why is it dangerous to use methyl alcohol as an antifreeze for auto¬ 
mobile radiators? 

5. How is ethyl alcohol prepared commercially? What are several other 
names for this compound? 

6. Why is it impossible to obtain 100 per cent ethyl alcohol by a process 
of fractional distillation? 

7. List four not too closely related uses of ethyl alcohol. 

8. What is meant by denatured alcohol? Why is alcohol denatured? 

9. If an alcohol is 160 proof, what percentage of alcohol by volume does 
it contain? 

10. In what respects do propyl alcohol and isopropyl alcohol differ from 
each other? 

11. What is an outstanding industrial use for butyl alcohol? 
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12. Write the structural formulas for the isomeric amyl alcohols. Classify 
them as to whether they are primary, secondary, or tertiary alcohols. 

13. How do primary, secondary, and tertiary alcohols differ from each 
other chemically? 

14. What is the generic name given to the dihydroxy alcohols? What is the 
simplest member of this class, and for what is it used? 

15. Write the equation for the formation of the trinitro substitution 
product of glycerol. 

16. How is dynamite made? 

17. How do you account for the fact that burning bacon gives off an 
odor of acrolein? 

18. Formerly the price of glycerol was dependent on the amount of the 
material produced as a by-product of the soap industry. Now this is 
no longer true. Why? 
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CHAPTER VII 


ETHERS 

The class of organic compounds Imown as ethers contain two 
alkyl radicals attached to an oxygen atom. The type formula 
for an ether is R—0—R', in which R and R' can be either the 
same or different alkyl radicals, thus making possible the ex¬ 
istence of either simple or mixed ethers. 

Methyl Ether, CHg — 0 — CHg. —Methyl ether (dimethyl 

ether) is the simplest ether. It can be prepared by the action 
of sulfuric acid on methyl alcohol. The chief use of methyl 
ether is as a refrigerant. It is well adapted to this use since it 
can be allowed to come in direct contact with foodstuffs during 
quick freezing’^ processes without imparting undesirable tastes 
or odors to the products. When foods are frozen quickly, the 
ice crystals formed are usually too small to rupture the cell walls, 
thus helping to preserve the natural flavor and appearance of 
the foods when they subsequently are thawed. 

Ethyl Ether, CgHg — 0 — CgHg. —Ethyl ether (diethyl ether) 
is by far the most important representative of the aliphatic 
ethers. It is the compound meant when the unqualified term 
ether is used. It is prepared both commercially and in the 
laboratory by heating ethyl alcohol with sulfuric acid at 140° 
C. The reaction proceeds in two stages. First, ethyl hydro¬ 
gen sulfate and water are formed. 

C,H,OH + H,SO, C,H„OSO,H + H,0 

Ethyl alcohol Sulfuric acid Ethyl hydrogen 

sulfate 

On further heating in the presence of an excess of alcohol the 
ethyl hydrogen sulfate reacts with a molecule of alcohol to form 
ether and regenerate the sulfuric acid. 

130^440® C. 

-> CA-~(>--C,H. + H,SO, 

Ethyl hydrogen Ethyl Diethyl Sulfuric 

Bulfate alcohol ether acid 


173 



174 


ORGANIC AND BIOLOGICAL CHEMISTRY 


Prom the equations it would appear that, as the acid is re¬ 
generated, a given amount of sulfuric acid would convert an 
unlimited amount of alcohol to ether. In practice, this is found 
not to be true. The sulfuric acid gradually is diluted by the 
water formed during the reaction. Side reactions that take 
place to a small extent also consume some of the sulfuric acid.* 
For these reasons, it is necessary to add more sulfuric acid at 
intervals, although a given amount of acid has been known to 
form a quantity of ether equivalent to 250 times its weight. 

A more general method of preparing ethers, devised as early 
as 1851, is known as the Williamson synthesis. In this method 
an alkyl halide reacts with an alkoxide or a sodium alcoholate to 
form either a simple or a mixed ether, depending on the reactants 
used. 


C,HJ + NaOC,H, 
Ethyl Sodium 

iodide ethylate 

CH,I + NaOC,H, 
Methyl Sodium 

iodide propylate 


C,H,—O—C,H, + Nal 

Ethyl ether 
(a simple ether) 

CH,—O—C,H, + Nal 

Methyl propyl ether 
(a mixed ether) 


Diethyl ether is a water-clear liquid that is lighter than water 
and is soluble in water only to the extent of about 8 per cent. 
A physical property of ether that should be remembered is that 
it boils at 35® C. (95® P.). Accordingly, even at ordinary room 
temperatures (20® to 25® C.) ether in an open vessel will evapo¬ 
rate rapidly. Because ether vapors are very inflammable, every 
precaution should be observed in using ether so as to prevent 
dangerous fires. It is a good policy not to permit a free flame 
in the same room where ether is being used, for a draft of air 
might carry the ether fumes to the flame and cause a fire to strike 
back to the ether container. In addition to the inflammability 
of ether vapor, mixtures of it with air, ranging in concentration 
from 1 to 51 per cent, are explosive. 

The most characteristic and important chemical property of 
ethyl ether, and, indeed, of ethers in general, is their inertness 
and nonreactivity. This is the reason that ethyl ether is so valu¬ 
able and so widely used as a solvent for organic substances. 
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Since the majority of organic substances are more soluble in 
ether than in water, and since ether is so slightly soluble in 
water, it is useful for extracting organic substances from aque¬ 
ous solutions. The organic substance, being more soluble in the 
ether, will concentrate in the upper, lighter ether layer, which 
can be separated from the aqueous layer by means of a separa¬ 
tory funnel. 

In the laboratory, the solvent power of ether is utilized in the 
quantitative extraction of fats and oils. 

Although ethers are inert to most substances, hydrogen iodide 
will react with them in the cold to give two molecules of alkyl 
halide and water. The first products of the reaction are a 
molecule of alkyl halide and a molecule of alcohol; the latter, 
on further action of the hydrogen iodide, also is converted to an 
alkyl halide. 

HI 

C,H.—0—C,H, + HI C,HJ + C,H,OH -> 2 C,H,I + H,0 

Diethyl Hydrogen Ethyl Ethyl Ethyl 

ether iodide iodide alcohol iodide 

Ethers arc soluble in cold sulfuric acid. If water is added to 
such a solution, the ether can be recovered unchanged, but if 
the solution is heated, ethyl sulfuric acid and water are formed. 

When ether is exposed to the air, small quantities of perox¬ 
ides are formed. These render ether both toxic and explosive. 
The peroxides are less volatile than the ether itself; thus, when 
ether containing peroxides is distilled, the peroxides concentrate 
in the distillation flask, and in some cases, may be an explosion 
hazard. The formation of peroxides can be retarded or pre¬ 
vented by storing ether in copper-lined containers, or, in the case 
of anhydrous ether, by the addition of metallic sodium wire. 
Ethers containing peroxides are unfit for anesthetic use; hence, 
ether used for anesthetic purposes must be carefully purified. 

Ether is still probably the most frequently used general an¬ 
esthetic. It appears likely that the use of ether for this purpose 
was made independently by Dr. Long of Georgia in 1842, by 
Dr. Morton, a Boston dentist, in 1846, and by Dr. Simpson of 
Edinburgh in 1848. 
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Diethyl ether in some respects is an ideal anesthetic. It is 
easy to administer; it causes excellent muscular relaxation; there 
is less danger of an overdose than with most other anesthetics j 
and it does not alter the pulse rale, the rate of respiration, or the 
blood pressure very much. It has certain disadvantages, how¬ 
ever, which explains its gradual decline in popularity in re¬ 
cent years: (1) It is irritating to the mucous membrane of 
the respiratory passages; (2) there is some danger of postop¬ 
erative pneumonia; (3) nausea is a usual postoperative symp¬ 
tom; (4) it causes the accumulation of harmful acids in the 
blood if administered over a long period of time; and (5) there 
is some slight damage to the liver and kidneys. However, ether 
is preferred to chloroform as an anesthetic because it has fewer 
undesirable effects. 

Divinyl ether (Cll 2 '=CH—0—CII=CIl 2 ) also is used as an 
anesthetic. Like diethyl ether, it can be administered by drop¬ 
ping some of it on a gauze cone or a piece of gauze held over the 
patient’s nose and mouth. It works more quickly than regular 
ether, producing anesthesia in 0.5 to 1.5 minutes. Recovery, 
also, is more rapid than from regular ether. Both diethyl 
ether and divinyl ether are highly volatile li(juids and form 
explosive mixtures with air so that flames or sparks must be 
carefully avoided in the operating room. 


Cyclopropylmethyl Ether, 




> 


CH—0—CH,.— This ether, 


CH, 


which might be considered as a hybrid of cyclopropane and 
methyl ether, shows considerable promise as an anesthetic. At 
present, however, it is not widely available. 

Isopropyl Ether, (CH3) ,CH—0— HC (CH3) 3. — Isopropyl 
ether has a boiling point of 69° C. It is prepared commercially 
from propylene, which is one of the unsaturated hydrocarbons in 
the gases from the cracking process. As is true of ethyl ether, 
the principal use of this compound is as a solvent. It is used in 
the solvent extraction method for the separation of acetic acid 
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and lactic acid from their dilute aqueous solutions. Consid¬ 
erable quantities of isopropyl ether are being blended with gaso¬ 
line to obtain special antiknock fuels for airplanes. 

Dichlorodiethyl Ether, CICH^CH^—0—CH^CH^Cl.— A com¬ 
pound that can be considered as a derivative of ethyl ether, al¬ 
though it is not prepared directly from it, is dichlorodiethyl 
ether. Ethylene chlorohydrin is treated with concentrated sul¬ 
furic acid at 100° C, to give this compound. 

. 

C1CH,CH,!0H + HiOCH^CH^Cl-> CH,CH,C1 + H,0 

- 100° C. 

Etliyleno Dichlorodiethyl 

cliloroliycliiii ether 

The halogen-containing ether thus formed is a particularly 
good solvent for oils, fats, and waxes. Dichlorodiethyl ether, em¬ 
ployed industrially under the trade name ‘Thlorex,’^ is the 
chlorinated product used in an important process for the pro¬ 
duction of high-grade lubricating oils from mid-continental 
and other crude oils. In this process, the chlorinated ether acts 
as a selective solvent for waxes and asphatic compounds that are 
not removed by ordinary distillation methods, and that would 
cause sludging and other undesirable characteristics in the lubri¬ 
cating oils. 

Thio Ethers. —(/ompounds in which the oxygen present in 
ordinary ethers is replaced by sulfur are known as tliio ethers. 
Mustard gas, /5,jS'-dichlorodiethyl sulfid(‘, is an example of this 
type of compound. 

ClCHa—CHa—S~CII~CH,C1 
Mustard gas 

This compound really is not a '‘gas'’ at all, but is an oily 
liquid boiling at 217° C. It was designated as a gas because very 
small concentrations of the material in the air over a battle area 
were highly effective. It is an extremely powerful vesicant 
(blistering agent), and has a very destructive effect on the 
respiratory tract. Mustard gas can be stopped from entering 
the lungs by a suitable gas mask, but it is difficult to prevent it 
from penetrating clothes, leather, and rubber, 
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Oxides. —The oxides are a class of compounds that contain an 
oxygen atom linked to carbon atoms of an alkyl group, thus re¬ 
sembling ethers in structure. They differ from ethers, however, 
in that the carbon atoms linked to the oxygen atom are in the 
same alkyl group. This results in the oxides having a cyclic 
structure. 

The simplest member of this group of compounds is ethylene 
oxide, which is formed by the action of strong alkali on ethylene 
chlorohydrin. 

ClCHaCH^OH + NaOH CH—CH, + NaCl + H,0 

\ / 

O 

Ethylene Ethylene 

chlorohydrin oxide 

The boiling point of ethylene oxide is 10.7° C., so that at room 
temperature it is a colorless gas, very soluble in water, alcohol, 
and ether. Ethylene oxide diifers markedly from tlie straight- 
chain ethers in that it is a very reactive compound. Most of 
the reactions of ethylene oxide involve the opening of the oxygen 
bridge, followed by addition to the valences thus set free. With 
alcohol, for example, the monoethyl ether of ethylene glycol is 
formed. 


C,H.—O—CH,CH,OH 

Ethylene Ethyl Ethylene glycol 

oxide alcohol monoethyl ether 

The product formed bears the trade name ‘^cellosolve^' and is 
widely used as a solvent for the nitrocellulose lacquers, which 
are the principal automobile finishes. The methyl ether formed 
in a similar way by the reaction of methyl alcohol and ethylene 
oxide is known as ''methyl cellosolve.'’ Butyl alcohol, similarly, 
yields the ether known as "butyl cellosolve.’’ Since all the 
cellosolve solvents are both alcohols and ethers, they dissolve 
both in water and in organic solvents. They are extensively used 
as solvents for lacquers and dyes, and are components of quick 
drying varnishes and enamels. 
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When ethylene oxide reacts with ethylene glycol, diethylene 
glycol, HOCH 2 CH 2 —0—CH^CH.OH, is formed. The ethers 
of this compound are marketed as the various “Carbitor' sol¬ 
vents. 

O—CH,CH,—O—CH,CH, 

in 

Diethylene glycol monoethyl ether 
(Carbitol solvent) 

These are especially useful in the dyestuffs industry. They arc 
also of value in the preparation of nonaqueous stains for wood, 
because they prevent ^' raising ^ ’ in the grain of the wood. 

Ethylene oxide is used in the preparation of acrylonitrile. 
Tire equation for the preparation of this compound is: 


H,C—CH, 

\ / 


0 


Ethylene 

oxide 


+ HCN 


Hydrocyanic 

acid 


H,C=:CH + HP 

I 

CN 

Acrylonitrile 


Acrylonitrile reacts with butadiene made from petroleum to 
give a type of synthetic rubber known as Perbunan. Ameripol, 
the synthetic rubber manufactured by the Goodrich Company, 
also involves the use of acrylonitrile. 

Dioxane.—Dioxane, a cyclic ether, is a colorless liquid with 
a faint, pleasant odor. 

O 

H^C^ \h, 

in, 

\ / 
o 

Dioxane 


It can be prepared by the distillation of ethylene glycol with 
sulfuric acid. It has the interesting property of being water 
soluble, and in addition dissolves a wide variety of organic sub¬ 
stances, such as oils, waxes, resins, greases, and lignin. Because 
of this unusual property of mixing with both water and paraffin 
wax, dioxane is used by histologists in mounting tissue specimens. 
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Study Questions 

1. What is the chemical name of the common ether used for anesthetic 
purposes? How is this ether prepared? 

2. Write fornuilas and names for three simple ethers and three mixed 
ethers. 

3. What precautions should be taken in a chemical laboratory when ether 
is being used as a reagent and why? 

4. Describe how the solvent properties of ether could be utilized to remove 
the fat from an aqueous mixture of ground cottonseed. 

5. Why is diethyl ether a valuable anesthetic? 

6. What is the role played by dichlorodiethyl ether in the production of 
high-grade lubricating oils? 

7. How are oxides related to ethers? How do they differ from ethers? 

8. Write the equation for the formation of butyl cellosolve. Why are the 
cellosolve products more versatile solvents than either alcohols or ethers? 

9. What is dioxane and for what is it used? 
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ALDEHYDES AND KETONES 

Introduction.—We now come to the study of another group 
of compounds, which are the first oxidation products of alcohols. 
Aldehydes are formed by the oxidation of primary alcohols, and 
ketones are formed by the oxidation of secondary alcohols. 
Since both a!dehydes and ketones contain the —C=0 linkage, 

known as the carbonyl group, it is fitting that they be dealt 
with in the same chapter. Aldehydes have the type formula 
R—C=0, R representing a carbon to carbon linkage except in 

II 

the case of the first member of the homologous series of alde¬ 
hydes. The type formula for ketones is R—C—R'. Both types 

II 

0 

of compound really are unsaturated, for the oxygen is com¬ 
bined by means of a double bond. The student is cautioned 
against writing the formulas for aldehydes as R—C—OH, since 
this would lead to the ]>elief that a monovalent hydroxyl radical 
is attached to the carbon, whereas, in reality, a divalent oxygen 
and a hydrogen atom are linked separately to the carbon. How¬ 
ever, the type formula for aldehydes is often abbreviated as 
R—OHO. 

Formaldehyde, H—CHO. —The simplest aldehyde commonly 
is known as formaldehyde. However, according to the I.U.C. 
system of nomenclature, the compound would be called methanal. 
When aldehydes are named by this system, the final e is 
dropped from the paraffin hydrocarbon name, and an al ending 
is added. The common names of the aldehydes are derived from 
the acids they yield on oxidation. For example, formaldehyde 
yields formic acid, and acetaldehyde oxidizes to give acetic 
acid. 
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Formaldehyde can be jirepared by the controlled oxidation of 
methyl alcohol. The alcohol vapor is passed over a heated 
catalyst, such as copper or silver gauze. 

The accepted mechanism for the oxidation of alcohol will aid 
the student in remembering the structural formulas for alde¬ 
hydes and ketones. It has been found that in the oxidation 
of any organic compound, further oxidation is most likely to 
take place at the point where some oxidation has already oc¬ 
curred. For example, in the oxidation of alcohols, further ox¬ 
idation will take place on the carbon atom to which the hydroxyl 
is attached, yielding a compound containing two hydroxyl groups 
on the same carbon atom. With only a few exceptions, com¬ 
pounds with two hydroxyl groups on the same carbon atom arc 
unstable. In the oxidation of methyl alcohol (see below) the 
instability of the compound with two hydroxyl groups on the 
same carbon is indicated by placing brackets around this com¬ 
pound. This method of indicating the instability of a com¬ 
pound should be remembered by the student whenever he en¬ 
counters such a representation. When a compound is thus repre¬ 
sented, it signifies that this compound is unstable, exists as an 
intermediate form, and is never isolated. In the case of the in¬ 
termediate compound in the oxidation of alcohols, water sepa¬ 
rates from the two hydroxyl groups, thus forming the carbonyl 
group. 


H 

I Cu, Ag, or Pt 

H—C—OH + [O]-> 

A 

Methyl alcohol 


f\ 

H 

Intermediate 

compound 


H—Cr=:0 + Ufl 

Formaldehyde 


Formaldehyde is a gas with a sharp, pungent odor. Usually 
it is handled either as an aqueous solution, formalin, which con¬ 
tains approximately 40 per cent formaldehyde, or as a solid 
polymer, paraformaldehyde, which liberates the gas when heated. 
Both forms are used as disinfectants. 

As is frequently characteristic of the first member of an 
homologous series, formaldehyde exhibits an anomalous chemical 
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behavior. It undergoes a number of reactions that are not 
characteristic of the other aldehydes. These special reactions 
are: 

1. With ammonia, formaldehyde reacts to give hexamethyl¬ 
enetetramine, or urotropin (methenamine, hexamine). 

6H—CHO + 4NH, ?:± 6 H,0 + (CH,)eN, 
Formaldehyde Urotropin 

This eonipound is used as an antiseptic for the urinary tract. 
Its activity is thought to be due to the liberation of formaldehyde 
in an acid urine. To insure that tlie urine will be acid, some 
substance sucli as dihydrogen phosphate often is administered 
with the urotropine. 

Hexamethylenetetramine is used as a source of formaldehyde* 
in the manufacture of the Bakelite type of y)lastics, and for the 
manufacture of Cycionite, a powerful explosive. 


.CH, 


NC j::N 

I I 

CH2 CH2 _.CH2 


Hexamethylenetetramine 


CH 2 

O2N—^N—NO2 


HNO3 


CH 2 CH* 
I 

NO 2 

Cyclonite (RDX) 


During World War II about 360 tons per day of RDX were 
manufactured in the United States. Since this explosive is too 
.sensitive to ))e used alone in munitions, it is “phlegnmtized" 
by the addition of other materials. Cyclonite w^as the ])rincipal 
explosive in the ‘‘earthquake/' bombs used for the destruction 
of submarine pens and for bombing battleshiy)s. 

2. When formaldehyde reacts with sodium hydroxide, si¬ 
multaneous oxidation and reduction, or dismutation, takes place. 
Methyl alcohol is the reduction product, and formic acid, present 
as the salt, is the oxidation product, 

2H—CHO + NaOH CH,OH + H-~C=0 

dy—Na 

Formaldehyde Methyl Sodium 

alcohol formate 
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This reaction has been named after Cannizzaro, its discoverer. 
It takes place most readily in the case of aldehydes that have 
no hydrogen on the carbon adjacent to the carbonyl group; 
however, under special conditions of alkalinity and with the aid 
of a catalyst other aldehydes can be made to undergo the same 
type of reaction. 

3. When formalin is treated in the laboratory with saturated 
calcium hydroxide solution, it combines with itself to give as an 
end product a sweet-tasting syrup, formose, which contains a 
mixture of sugars. Butlerow carried out this laboratory synthe¬ 
sis of sugars in 1861. 

6 H—CHO CaH,A 

Formaldehyde Formoae, a mixture 

of sugars 

This is an important type of reaction, for it is believed that this 
is the mechanism by which plants produce sugars. If this is 
the case, possibly the first step preceding the combining of 
formaldehyde to sugars is the formation of formaldehyde by the 
plants from carbon dioxide and water. 

CO, + H,0 O, + H—CHO 

4. Formaldehyde forms useful resins with some compounds. 
For example, with urea the product is known as Beetle^’; with 
casein, ''Karolith'' is formed; when’formaldehyde reacts with 
phenol, ‘^Bakelite’^ is the product. Such plastics are used widely 
for making decorative jewelry, buttons, buckles, knobs and 
handles, bottle caps, fixtures for automobiles, and a wide variety 
of other articles. The total production of formaldehyde (37 per 
cent purity) in the United States increased from 180,000,000 
pounds in 1940 to 458,877,000 pounds in 1946. 

Uses of formaldehyde. Formaldehyde gas kills the lower 
forms of life, so that it can be used as a fumigant; generally, 
paraformaldehyde candles are burned as the source of the gas. 
This aldehyde hardens and prevents bacterial decomposition of 
proteins and so is used as an embalming agent and as a pre¬ 
servative for biological specimens. When viruses and bacterial 
toxins are treated with formaldehyde, they tend to lose their 
infectious properties and may in some cases become useful im- 
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B. 

Pigr. 26.— A, Washing machine agitator and, B, oil well drilling part 
molded from shock-resistant, phenol-formaldehyde type of plastic. The ma¬ 
terial is made shock resistant by the incorporation of fibrous fillers. (Cour¬ 
tesy of the Bakelite Corporation.) 
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munizing agents. The tanning of leather and the manufactur¬ 
ing of mirrors consume large quantities of formaldeliyde. Since 
it is a very reactive compound, formaldehyde frequently is 
employed in synthetic chemistry. 

Acetaldehyde, CH^CHO. —^Acetaldehyde, or cthanal, as it is 
called in the I.U.C. system, is the second member of tlie 
homologous series of saturated aldehydes. It is a colorless liquid 
of strong odor that boils at 20.2° C. It can be prepared in the 
laboratory by the careful oxidation of ethyl alcohol, using sodium 
dichromate and sulfuric acid as oxidizing agents. 


GH,CH,OH -f [O] 


OH \ 
CHaC-^pH:, 


CH,CHO f H,0 


Ethyl alcohol 


H 


AcetaldehyUo 


Still another laboratory means of preparing acetaldehyde is 
to heat calcium acetate with calcium formate. 


O 


H—C—O 


\ 


/ 


H—C—O 


O—C—CH, 


/ 


Ca + Ca 


\ 


O—C—CH3 


o 

Calcium 

formate 


O 

Calcium 

acetate 


A 

2 CaCO, + 2CH3CHO 


Calcium Acetaldehyde 
carbonate 


Since the boiling point of the compound is so close to room tem¬ 
perature, the aldehyde must be collected in ether surrounded 
by ice. 

Industrially, acetaldehyde is obtained as a by-product of the 
fermentation of starch grains, particularly when the fermenta¬ 
tion is carried out in the presence of sodium sulfite so as to yield 
a maximal amount of glycerol. 

Another commercial source of acetaldehyde is from the reac¬ 
tion of acetylene and water, using sulfuric acid and mercuric 
sulfate as catalysts. 
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H,SO, 

C,H, 4- H,0-> CH,CHO 

HffSO, 

Acetylene 68® C. Acetaldehyde 

Acetaldehyde undergoes all the reactions typical of aldehydes 
in general; therefore, its reactions will be used as typical of 
the chemical reactions of all aldehydes. 

1. Reaction with PCla. In the chapter on Unsaturated Al¬ 
iphatic Hydrocarbons, the reaction of acetaldehyde with phos¬ 
phorus pentachloride was used in proving the structure of ethy¬ 
lene. The reaction again is useful in demonstrating that, in the 
structure of acetaldehyde, oxygen is combined with the terminal 
carbon by means of a double bond. Two chlorine atoms replace 
the oxygen of acetaldehyde in the reaction. 

Cl 

I 

CH,CHO + PCI. CH.C—Cl + POCl, 

I 

H 

Acetaldehyde Phosphorus Ethylidene Phosphorus 

pentachloride chloride oxychloride 

2. Oxidation, Acetaldehyde, on oxidation, forms an acid. 

CH,CHO + [O] CH,COOH 

Acetaldehyde Acetic acid 

Because of their ease of oxidation, when aldehydes are warmed 
with an ammoniacal solution of silver nitrate, metallic silver 
precipitates out on the walls of the containing vessel. 

O 

CH,CHO + 2 AgOH + NH.OH -» 2 Ag + CH,ci— O— NH^ + 2 H,() 
Acetalde- Silver Ammonium Metallic Ammonium 

hyde hydroxide hydroxide silver acetate 

This type of reaction is useful in the silvering of mirrors. 

Aldehydes also are easily oxidized to the corresponding acid 
by Fehling's solution.* Copper oxide, a yellow to brick red 
precipitate, also results from the reaction. 

O 

CH,CHO + 2 Cu(OH), + NaOH CH,C—O—Na 4 - Cu.0; + 3 

Acetaldehyde Sodium Cuprous 

acetate oxide 

^Fehline’s solution A contains sodium hydroxide and sodium potassium 
tartrate. Solution B contains copper sulfate. Equal parts of A and B are 
mixed together before making a test. 
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As will be noted later, the formation of mirrors and the oxida¬ 
tion of Fehlin^ ’s solution are used as tests for distinguishing be¬ 
tween aldehydes and ketones. Ketones under the same condi¬ 
tions are not oxidized. 

3. Reduction. Aldehydes, on reduction, yield primary alco¬ 
hols. 

HCl + Ye 

CH 3 CHO + 2 [II]-> OH 3 CH,OH 

a L J a . 

Acetaldehyde Ethyl alcohol 

This is the reverse of a process by which aldehydes can be pre¬ 
pared. With an increase in temperature the reaction shifts to 
the left, so that more aldehyde than alcohol is formed. At room 
temperature, however, hydrogen and a suitable catalj^st will com¬ 
pletely convert acetaldehyde to ethyl alcohol. 

4. Addition reactions. Aldehydes undergo a number of ad¬ 
dition reactions due to the presence of the carbonyl group con¬ 
taining a double bond. The student will find it helpful to re¬ 
member that, as a general rule in these reactions, the positive 
part of the adding molecule (that is, the hydrogen atom or the 
metal) combines with the oxygen, while the remainder combines 
with the carbon. The addition takes place in this manner be¬ 
cause actually the carbonyl group is definitely polar, the oxy¬ 
gen atom being relatively" negative and the carbon atom rela¬ 
tively positive. 

(a) Addition of Nall SO When a cold, saturated solu¬ 
tion of sodium bisulfite is added to acetaldehyde, a white, 
crystalline precipitate forms. The bisulfite addition products 
of the low molecular weight aldehydes are soluble in water, 
but are insoluble in concentrated bisulfite solutions, 

H 

I 

CH,C=0 + NaHSO, CH,—C—SO,Na 

i in 

Acetaldehyde Sodium Acetaldehyde 

bisulfite bisulfite compound 

(b) Addition of ammonia. When dry ammonia is passed 
into an ethereal solution of an aldehyde, the aldehyde am¬ 
monia compound, which is insoluble in ether, precipitates. 
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When the solid addition product is heated with dilute acid, 
the pure aldehyde is regenerated. 

H 

CH,C=0 + H—NH, CII—G—Oil 

i I 

H NH, 

Acetaldehyde Ammonia Acetaldehyde 

ammonia compound 


Acetaldehyde animonia is available eomniereially in large 
quantities. It is used as an aceelcnitoi' in the vulcanization 
of rubber and as a convenient solid form of aldehyde and am¬ 
monia -for organic syntheses. 

(c) Addition of hydrogen cyanide. Hydrogen cyanide 
added to aldehydes forms cyanohydrins. 




H 

CH,C=:0 

1 

-t- HCN 

I 

CH 3 C—OH 

1 

1 

H 

Acetakleliyde 

Hydrogen 

cyanide 

1 

CN 

Acetaldehyde 

cyanohydrin 


The cyanohydrins are valuable compounds to the organic 
chemist, because the —C^N, or nitrile group, is a potential 
coon (carboxyl) group, characteristic of acids. Organic 
acids containing one more carbon atom than the aldehyde can 
be obtained from the cyanohydrins by hydrolysis with dilute 
acids or alkalies (see page 556). In this w^ay, an hydroxy 
acid is ol)taiiied directly, and can combine with ammonia 
to yield an amino acid. 

(d) Reaction with Grignard reagent. The usual reaction 
of aldehydes with Grignard reagents yields secondary alcohols. 
The first product of the reaction is a Grignard addition prod¬ 
uct, which can be decomposed by pouring it into a mixture of 
cracked ice and dilute hydrochloric acid, thus liberating the 
alcohol. 


R 

1 

RMgX + CH,C=0 CH,C*-0—MgX 

i A 

A Grignard Acetaldehyde Grignard 
reagent addition product 


dilute 

HCl 


H X 

CH.i—E + Mg^ 

(^H '^OH 

A yecondary 
alcohol 
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Since formaldehyde contains two hydrogens on the carbonyl 
group, a primary alcohol results from its reaction with 
Grignard reagent. 



(e) Aldol condensation. An important type of reaction 
takes place when acetaldehyde is treated with calcium hy¬ 
droxide or zinc chloride. The resulting i)roduct is a con¬ 
densation compound in which one molecule oi’ acetaldehyde 
has combined witli the other. 


2 CH^C^O 

I 

H 

Acetaldehyde 



H 

I 

C-C™0 


o-Hydroxybutunal or 
aidol 


Condensation can he defined as the union of two or more 
molecules to form a carhon-tO'Carhon linkdgey usually ivith 
the elimination of some such small molecule as water or am¬ 
monia. The molecules need not be necessarily of the same 
type. The substance, 3-hydroxybutanal, formed by the con¬ 
densation of acetaldehyde with itself, shows characteristics 
of both an aMehyde and an alcohol; hence the name, aldol, 
for this particular kind of condensation. 

Aldol readily loses water to give an unsaturated aldehyde, 
crotonaldehyde. In the laboratory this can be brought about 
by gentle heating. 

H H H 

^ III 

^ H—C—C = C—C=0 4- H/J 

I I 

H H 

Crotonaldehyde 


H H H 

—(j—1/ — (!)— 

I J_L I 

H|OH H|H 
Aldol 


Aldol condensation reactions are general for all aldehydes 
containing an alpha hydrogen, that is, a hydrogen on the 
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carbon adjacent to the carbonyl group. The reaction is im¬ 
portant in synthetic work for building up long chain carbon 
compounds. There is some evidence that the aldol condensa¬ 
tion is one of the means by which plants build up complex 
compounds. The loss of water from the product of aldol con¬ 
densation, followed by the subsequent addition of ammonia 
to the double bonds, may be a mechanism for the formation 
of the physiologically important class of compounds known 
as alkaloids (see Chapter XX). 

(f) Formation of acetals. In the presence of a very small 
amount of an acid, aeetaldeliyde reacts with alcohols to form 
acetals. The first product of the addition of an alcohol to an 
aldehyde is an ether-alcohol known as hemiacetal. Because of 
the ra])idity with which hemiac'ctals revert to mixtures of alde¬ 
hyde and alcohol, only a few hemiacetals have been isolated. 
As a rule they exist only in solution. 


HCl 


OH2O--O 1 ^ 

H 

AcetJildehvdo Etlianol 
Etlmriol 


OH 

OH—(L 0 C.H 5 

I 

_ H 

Acetaldohvde hemiacelal 


In the jiresence of a mineral acid, the hemiacetal reacts with 
another molecule of alcohol, through elimination of a molecule 
of water, to form the acetal. 


OH 

CH 3 —O~-0(hH, 




HCl i 

_^ (^H—C—OC2H, ! HjO 


H 

Acetal or 
1,1 -diethoxyethane 


The acetals are hydrolyzed to aldehydes by acids but they are 
stable to alkalies. Hemiacetals and acetals are of special in¬ 
terest because the cyclic foran of glucose (page 328) can be 
considered to be a hemiacetal. 

Acetals are useful in syntheses when it is desired to protect 
tJie aldehyde group from the action of an oxidizing agent or 



192 


0R(3ANIC AND BIOLOGICAL CHEMISTRY 


an alkali. At the end of the synthesis the aldehyde group 
may be restored by acid hydrolysis of the acetal. 

5. Reactions in which carbonyl oxygen is lost, 

(a) Reaction with hydroxylamine. The reaction of hy¬ 
droxy lamine with aldehydes results in the formation of solid, 
crystalline compounds called oximes. Each oxime has a defi¬ 
nite melting point that is characteristic of the particular alde¬ 
hyde from which it is derived. For this reason, oximes are 
useful in the identification of aldehydes. 

CH,CHO + H,NOH CH,C“NOH f H ,0 

H 

Acetaldehyde Hydroxylamine Acetaldoxime 

(b) Reaction with phenylhydrazine. Another means of 
identifying aldehydes is by their reaction with phenylhydra¬ 
zine. Again a characteristic crystalline derivative, termed a 
phenylhydrazone, is formed. 

H 

NIINC^H, + H/) 

Acetaldehyde Phenylhydrazine Phenylhydrazone 

of acetaldehyde 

A melting point determination is easily carried out in the 
laboratory by placing the organic substance in a glass capil¬ 
lary tube about the size of a darning needle. The tube is 
held alongside a thermometer, usually by means of a rubber 
band, and both are immersed in a melting point bath of some 
liquid with a high boiling point. The temperature of the 
bath is slowly increased, and the temperature at which the 
substance in the capillary tube liquefies is carefully noted. 
If the substance is pure, it all will melt at one temperature or 
within a very narrow range. 

The melting points of the oxime and the phenylhydrazone 
derivative of all the common aldehydes have been determined 
and are recorded in tabular form in handbooks. Thus, if a 
mixture of substances gives a positive test for the presence of 

•The CeHfl-irroup. or radical that is known as the phenyl group. Is de¬ 
rived from benzene. This aromatic hydrocarbon will be discussed in 
Chapter XVI. 
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an aldehyde, the aldeliyde present can be identified by form¬ 
ing a solid oxiiTK^ or phenylhydrazone derivative, determining 
the melting [)oint of this solid, and comparing it with recorded 
values. If the aldehyde is one that has never been characterized 
before, it is then ne(‘essary 1o go through the long process of 
quantitative analysis and molecular weight determination to 
identify the aldehyde. 

6. Polymerizaiion* If acetaldehyde is treated with a few 
drops of concentrated sulfuric acid, it polymerizes violently to 
paraldehyde, a liquid insoluble in water and with a boiling point 
of 124° C. Paraldehyde shows none of the reactions typical of 
aldehydes. Acetaldehyde is regenerated when paraldehyde is 
heated with dilute acids. Frequently acetaldehyde is trans¬ 
ported in the form of this polymer, because paraldehyde is 
neither as volatile nor as inflammable as acetaldehyde. Paralde¬ 
hyde is used occasionally as an anodyne in childbirth. It also 
is used as a soporific, particularly in the treatment of patients 
with mental diseases. 

Another polymerization product is metaldehyde, formed when 
acetaldehyde is treated with acid at a low temperature. Like 
paraldehyde, metaldehyde shows none of the chemical prop¬ 
erties characteristic of aldehydes. It, too, can be converted 
back into the original substance by distillation with dilute acid. 
Ring structures that account for their lack of aldehyde prop¬ 
erties have been i)roposed for paraldehyde and metaldehyde, 
since these ])ro])osed structures contain no carbonyl groups. 


O 

H3C—OH 

i <1 

\H/ 

C 


CH. 


Paraldehyde 


CH, 

I 

C 

/H\ 
O O 


H3C—OH HO- CH3 

i i 

I 

CH, 

Metaldehyde 


♦Polymerization, as mentioned previously, Is the combination of a num¬ 
ber of Identical molecules to grlve a largrer molecule. 
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Wlieii ncolaldehydc ijiid the other lower lueinbers oi' llio alde¬ 
hyde series (except formaldehyde) are treated with a stroiifi' 
base, siieli as 10 per cent sodium or potassium hydroxide, they 
polymerize to foi*m ^umlike substances called aldehyde resins. 
Tlie exact chemical composition of these resins lias not be(‘n 
definitely established. 

7. Fuchsine test for aldehydes. The use of Schiff's reagent 
furnishes a sensitive color test for the presence of aldehydes. 
This reagent is jirepared by dissolving an organic dye, fuchsine 
or magenta, in water and decolorizing this solution by adding 
sodium bisulfite, followed by a few cubic centiinetei-s of con¬ 
centrated hydrochloric acid. To test for an aldehyde, a small 
amount of solution is poured into the decolorized dye solution. 
If an aldehyde is present, a brilliant red color develops. Ketones 
do not give tliis reaction. 

8. Reaction with h(dogens. Acetaldehyde and the higher alde¬ 
hydes react directly with the halogens, bromine and chlorine, 
by substitution of one or more hydrogen atoms on the carbon 
adjacent to the carbonyl group. 

CH,CHO + 3 0b CbC—OHO + 3 HCl 
AcetaUlehycle Chloral 

The fully chlorine-substituted acetaldehyde is known as chloral, 
or trichloroacetaldehyde. This compound, which is an oily 
liquid with an odor much like acetaldehyde, is the most impor¬ 
tant of the chlorinated aldehydes. Since it contains the carbonyl 
group, chloral shows chemical behavior typical of aldehydes. 
Commercially, chloral is not prepared by the direct chlorination 
of acetaldehyde, but rather by the reaction of alcohol and chlo¬ 
rine. The oxidation of the alcohol by chlorine is the first step 
in the synthesis, and then the chlorination of the aldehyde pro¬ 
ceeds as ill the foregoing reaction. Chloral is used in the 
preparation of DDT, the widely known insecticide (page 415). 

On boiling with water, chloral forms chloral hydrate, which 
crystallizes in large, clear crystals readily soluble in water. 
Chloral hydrate is one of the few stable compounds containing 
two hydroxyl groups on one carbon atom. Probably this is due 
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to tlie three strong electronegative groups (i.e., three chlorine 
atoms) on the carbon adjacent to the carbonyl group. 

OH 

Cl.CCHO + H„0 -> CI,C—OH 

I 

H 

Cliloral (Hiloral hydrate 

The hydrate is more stable than cliloral. It finds use in medi¬ 
cine as a hypnotic and, in large doses, as an anestlietic. Both 
chloral and chloral liydrate can be converted into chloroform 
by heating with alkali. 

The chemical reactions of acetaldehyde have been discussed at 
length because they are type reactions that are characteristic 
of all aldehydes. 

Uses of acetaldehyde. Reference already lias lieen made to the 
use of acetaldehyde in the form of paraldehyde, and to a num¬ 
ber of synthetic reactions. In addition, paraldehyde is useful 
in the synthesis of substances that hasten the vulcanization of 
rubber and in the manufacture of synthetic resins. The produc¬ 
tion of acetic acid and acetone consumes large (luantities of 
acetaldehyde. Smaller amounts are used in the manufacture of 
drugs and in silvering miiu'ois. Ovei- 851 million pounds of 
acetaldehyde were jiroduced in the United States in 1946. 

Ketones. —As was mentioned at the beginning of this cha])- 
ter, oxidation of secondary alcohols yields ketones, pi‘oducts 
containing the carbonyl group and having the type formula 
R—C—R'. It will be noted that they differ from aldehydes in 

II 

o 

having an R group instead of a hydrogen atom attached to the 
carbonyl group. The R and R' can be the same or different 
alkyl radicals, thus permitting the existence of both simple and 
mixed ketones. According to the International system of nomen¬ 
clature, ketones have an one ending iiLstead of the final e in 
the paraffin hydrocarbon name. The simplest and commonest 
ketone, therefore, is called 2-propanone by the I.U.C. system. 
The more commonly used name is acetone. Another system 
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names the alkyl groups attached to the carbonyl, and calls 
acetone, dimethyl ketone. 

Acetone. —Acetone is an organh' compound of very great 
commercial importance. The large quantities necessary to 
meet the needs of industry are produced by several different 
methods. One important method, and the one that illustrates 
that secondary alcohols yield ketones on oxidation, is the oxida¬ 
tion of isopropyl alcohol to form a(*etone. The isopropyl alco¬ 
hol is made from propylene, most of which results from the crack¬ 
ing process. The oxidation can be carried out by blowing air 
through a hot solution of the alcohol and passing the vapors over 
a catalyst. 


H 


CH,—(^—OH, 4 

I 

OH 


[O] 


Isopropyl 

alcohol 


fi 

CHr-<?—CH, 



OH,- C--CH. 


O 

Acetone 


H,0 



Fig. 27.—Acetone l.s an essential chemical in the manufacture of the 
plastic for the Plexiglas (methyl methacrylate) cockpit enclosure on the 
Lockheed P-38, which is a high-powered, heavily armed army fighter plane. 
The permanent clarity, light weight, and high impact strenrth of Plexiglas 
make ft well suited for such uses on aircraft. (Courtesy of the Itfihm and 
Haas Co*, Inc.) 
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Another important source of acetone is acetaldehyde, which is 
made by passing acetylene into dilute sulfuric acid containing 
mercuric sulfate. The acetaldehyde vapor is mixed with steam 
and passed over heated metallic oxides to convert it to acetone. 

Metallic 

oxides 

2CH,CHO + H,0-> CH,—C—CH, + CO, + 2 H, 

II 

O 

Acetaldehyde Acetone 

Large quantities of acetone are made by the fermentation 
of corn starch or molasses by microorganisms to give acetone 
and butyl alcohol in the ratio of one to two. This process was 
developed during the first World War because other sources 
were insufficient to meet the demand for the acetone used in 
the manufacture of smokeless powder and ‘ ^ dopes for airplane 
wings. 

Acetone is present to the extent of 0.5 per cent in the distillate 
from the destructive distillation of wood. The principal dis¬ 
tillation product is acetic acid, which, if desired, can be con¬ 
verted into acetone. 

MuO, 

2 CH 3 COOH-> CH^-C-CH, + CO, + H,0 

350° C. II 

Acetic acid O 

Acetone 


In the laboratory, acetone can be prepared by the distillation 
of calcium or barium acetate. 


O 



Calcium 

acetate 


CH,—C—CH, f OaCO, 


O 


Acetone 
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As to pliysical properties, acetone is a water-clear liquid with 
an odor characteristic of nail ])olis]i remover. It is soluble in 
water, alcohol, and ether in all proportions. 

Acetone is found in traces in normal blood and urine. In 
])orsons suffei’ing from diabetes mellitiis, the amount is greatly 
increased in the blood and expired air, especially when the 
person is nearing a state of diabetic coma. 

Many of the chemical reactions of aldehydes and ketones are 
similar. In general, the reactions do not take place as readily 
with ketones as with the aldehydes. The accompanying sum¬ 
mary of chemical reactions is used to illustrate the similarity 
and differences between aldehydes and ketones. 

Uses of acetone. Acetone finds wide usage as a solvent for a 
variety of products, such as gums, resins, lacquers, plastics, 
acetylene, and gun cotton. In the process of manufacturing 
the British brand of smokeless powder known as Cordite, acetone 
is used as a solvent. Nail polish removers and paint and varnish 
removers contain acetone. Sometimes acetone is used as a de- 
naturant for ethyl alcoliol. It is a raw material in the manu¬ 
facture of chloroform, iodoform, sulfonal (a sleep-i)roducing 
drug), plastics, and resins. It has been estimated that the pro¬ 
duction of acetone in the United KStates in 1946 amounted to 
over 33e5 million pounds. 

Large quantiticvs of acetone are being used in the production 
of the methyl methacrylate type of plastics, sold under the trade 
names of ^^Lucite’^ and ‘‘Plexiglas.^’ The equations for the 
preparation of methyl methacrylate are: 


o 


,/^H, f 


CH, 
Acetone 


HCN 


Hydrocyanic 

acid 


OH 

CH,(!^-CH. 

I 

CN 

Acetone 

cyanohydrin 


CH, 0 


OH 

I CH,OH 

CH,C—CH, -> CH,=(: 

I H,SO, 

CN OCH, 

Methyl methacrylate 


H,0 


\ 
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Summary of Chemical Reactions 


reagent or 

REACTION 

organic compound j 

formed, or the result of 

REACTION, WITH 
acetaldehyde 

ORGANIC COMPOUND 
FORMED, OR THE RESULT OF 
REACTION, WITH acctone 

PCI, 

1. PliosphoruH 

pentachloride 

Cl 

1 

CH,C—Cl 1 

1 1 

H 

Ethylidene chloride 1 

! 

Cl 

1 

CH3C—CH, 

1 

Cl 

2,2-di('hloropropaiic 

2 . Mild oxidation 

Reduces AgNO, and 
Fehling ^s solution 

Does not reduce AgNO, 
or Fehling solution 

Stron^j^ oxidizing 
agents 

:i. (H,so, + 

IsCr.O,) 

CH3COOH 

Acetic acid 

1 

Decomposition products, 
mixture of acids with 
fewer carbon atoms 

4 . Reduction 

H H j 

1 1 

H—C—C—OH 

1 1 

H H 

Primary alcohol 

H OH H 

1 1 1 

H—C—C —C—H 

kk k 

Secondary alcohol 

5 . Addition reac¬ 
tions 

OH 

1 

8=0 

1 

ONa 

(a) Sodium bi¬ 
sulfite 

OH 

1 

CH,C—H 

1 

OSO,Na 

Acetaldehyde sodium bi¬ 
sulfite addition product 

OH 

1 

CH3C-CH3 

1 

OSO,Na 

Acetone sodium bisulfite 
addition product 

NH, 

(b) Aninumia 

OH 

1 

CH,C--H 

NH, 1 

Acetaldehyde ainmoma 

No similar reaction 

HCN 

(c) Hydrocyanic 
acid 

OH 

1 

CH,€—H 

iN 

Acetaldehyde cyanohydrin 

OH 

1 

CH.C—CH, 

‘1 

CN 

Acetone cyanohydrin 

CHjMgBr 
(d) Qrignard 
reagent 

OMgBr OH 

1 H,0 1 

CH,C---H-> CH3C—CH, 

1 HCI 1 

CH, H 

Secondary 

alcohol 

OMgBr OH 

1 H,0 1 

CH3C—CH,->CH,C-~CH, 

^ 1 HCI 1 

CH3 CH, 

Tertiary 
alcoliol 
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Summary of Chemical Eeactions — Continued 


reagent or 

REACTION 

ORGANIC compound 
FORMED, OR THE RESULT OF 
REACTION, WITH 
acetaldehyde 

ORGANIC COMPOUND 
FORMED, OR THE RESULT OF 
REACTION, WITH acetone 


OH 

OH 


1 

CH,C—CH,CHO 

I 

CH,C—CH^COCH, 

1 

Ca(OH), 

(e) Aldol con¬ 
densation 

1 

H 

Aldol 

1 

CH, 

Diacetone alcohol 

6. Reactions in 

which carbonyl 
oxygen is lost 

1 

CH,C—NOH 

1 

CH,C™NOH 

NH,OH 
(a) Hydroxyl- 
amine 

1 

H 

Ace tald oxime 

1 

CH, 

Acetketoxime 


0H,C=NNHC«H5 

1 

CH3C—NNHCJI, 

1 

C«H,NHNH, 
(b) Phenylhydra- 
zine 

1 

H 

Acetaldehyde 

phenylhydrazone 

1 

CH, 

Acetone 

phenylhydrazone 

7 . Polymerization 

(CH^CHO), 

Paraldehyde 

Does not polymerize 

8. Fuchsine test 

Red color, positive test 

Negative test 


0 

11 

C 1 ,CC—H 

Chloral 

0 

li 

CI3CC—CH, 
Trichioroacetone 

9 . Halogens 


Resins used for the manufacture of plastics are obtained by 
polymerization of methyl methacrylate under the influence of 
heat, light, oxygen, or oxygen-yielding substances, such as hy¬ 
drogen peroxide and sodium peroxide. Such properties as crys¬ 
tal clarity, strength, weather resistance, and unlimited color 
possibilities have led to an ever-widening use of methyl 
methacrylate plastics. Dentures made from this material have 
been so well received that they have replaced practically all 
other plastics for this purpose. Dental plates made from 
acrylate resins can be pigmented to simulate the color of the 
mouth tissues and, in addition, the teeth are strong, durable, and 
water resistant. Other uses for methyl methacrylate plastics 
are for furniture, reflector buttons on highways, costume jewelry. 




Kifc?. 28.— A tongue dcpres.sor njade of a curved Lucite (methyl metha¬ 
crylate) rod with concentrated cold light coming out at the end. The light 
is conveyed by internal reflection from a tiny bulb in the end of the instru¬ 
ment around tlio cuive of the depressor. The. solid, transparent methyl 
methacrylate re.^sin rod functions like mirrors, and through the rod light 
can be “piped” to wh(*rev(*r desired. Such a method Is used in the airplane 
factories, e.spccially to facilitate night work, in the examination of otherwise 
inaccessible parts of machinery. (Courtesy of tlie Du Pont Co.) 



Fig. 29.—The first plastic rowboat ever to be made entirely of Du Font’s 
“Ducite” (methyl methacrylate). The boat is 8 feet 6 inches long and 
weighs 96 pounds. Although shown above on an “ocean” of cellophane, 
actual tests have proved it to be seaworthy. (Courtesy of the Du Pont 
Style News Service.) 
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automobile fixtures, and eoiitaet lenses. These transparent resins 
are used extensively by the aircraft industry for cockpit en¬ 
closures, observation hatches, a7id bomber nose sections. Methac¬ 
rylate resins have been used for the permanent ])reservation of 
agricultural and biological specimens in their natural color. 
A beautiful butterfly thus ])reserved makes an attractive watch 
charm. Transparent surgical splints have been made of Lmute. 



Fig. 30.—Plexiglas (methyl methacrylate) contact lcn.yes, formed and 
ground by Obrig laboratories. Optometrists are making these contact 
lenses by forming the pla.stic to fit the patient’s eyeball and then grinding 
the corneal section of the lens to the proper corrective curvature. Light In 
weight, durable, and nontoxic Plexiglas lenses arc worn by engineers and 
others for whom the condensation of moisture on ordinary glasses in winter 
is an inconvenience or actual menace to safety. Pigmented contact lenses 
have been used sucoe.ssfidly by motion picture actors to change the color of 
their eyes from blue to brown when this wa.s necessary for Technicolor films. 
(Courtesy of the Rfihm and Haas Co., Inc.) 


Other Ketones. —Methyl ethyl ketone or butanone-2 is a by¬ 
product of the production of acetone by the destructive dis¬ 
tillation of calcium acetate. This ketone can be prepared con¬ 
veniently on a commercial scale from the gases that result from 
the cracking process. Butene-1 or butene-2 is absorbed in sul¬ 
furic acid, and the butyl alcohol formed is then oxidized to 








ALDKIIYDKS AM) KK/rONKS 20)5 

riietliy] etliyl ketone. Jt has a higher boiling point than ace¬ 
tone, and is used as a solvent when a less volatile compound 
than acetone is indicated. Methyl ethyl ketone is widely used 
in the solvent dewaxing ])rocess for refining lubricating oils. 

Jliacetyl, Cdl.^CO (JOClTy, is a diketone. It is a greenish- 
yellow licpiid that is the main flavoring component of butter, 
in which it, is present to the extent of 0.7 to 1.5 parts per 
million. This compound is sometimes used to give a butter 
tlavoi* to butter substitutes, such as margarines and certain 
hydrogenated fats. 

In general, the higher ketones that are important enougli to 
be manufactured on an industrial scale are used as solvents. 

Study Questions 

1. What is llic typo fornuila for an aklebyde and for a ketone? Wliuf 

is tlio Tianie of the characteri.stic group present in each type of 

<•0111 pound ! 

2. Suppose you have a water-clear liquid that is knovMi to be an alde¬ 
hyde or a ketone. Describe in some detail, or give an equation 

that will show how you can determine whether the substance is an 
aldehyde or a ketone. 

What is the cominon name of a 40 per cent solution of methanal? 

4. Suppose you have a mixture of ethanoZ and ethnnoZ. Give the 
equation or equations for a method of separating these compounds 
from each other by chemical means. 

5. Write the equation for tlie reaction of acetone with phenylhydrazine. 
(). What is meant by the term aldol condenmtion? Illustrate the reaction 

with an equation. 

7. What are two uses of formaldehyde? 

8 . Aldehydes are the oxidation products of what class of alcohols? 
What class of ah'ohols give ketones on oxidation? 

9. What are some of the chemical reactions that methanal undergoes that 
its liomologucs do not? 

10 . Name five articles made of the formaldehyde-phenol type of plastic. 

11 . What is meant by polymerization? What are tw'o polymerization prod 
ucts of formaldehyde? 

12 . What is a commercial method of preparing acetone? List three uses of 
this product. 

1.4. What is the name of fully chlorinated acetaldehyde? For what is the 
compound used ? 

14. Write the equation for the reactions involved in tlie formation of 
methyl methacrylate, the raw material in the manufacture of ^‘Lucite^' 
and ‘ ^ Plexiglas ’ ^ plastics. 
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CIIAPTEII IX 


SATUKATEJ) MONOBASIC ACIDS AND THEIR 
DERIVATIVES 

Introduction. —Organic acids constitute a large and interest¬ 
ing group of compounds which have many uses in industry and 
the domestic arts. The characteristic group of organic acids, 
0 

// 

—C , is known as tlie carboxjd or carboxy radical. For con- 

\ 

on 

venicnce in printing, this group often is written as —COOH, 
but the student should use the graphic formula in writing equa¬ 
tions. It will ))e seen tliat the group contains both a carbonyl 
and an hydroxyl grou]). The name carboxyl is indicative of this 
fact, since it is Formed Fi'om tin* terms carbonyl and hydroo:^/. 
The presence of the carbonyl group modifies the behavior of 
the hydroxy] grou]) so that its reactions are quite different from 
its I'eaction in compounds such as llie alcohols. The hydrogen 
on the hydroxyl grou]> is iieid rnucli less firmly, and, in aque¬ 
ous solutions, tin* hydi-(cgen separates (ionizes) to give a pos¬ 
itively charged hydrogen ion and a negatively charged radical 
or anion. This is a characteristic of all acids. In fact, in phys¬ 
ical chemistiy, one definition of an acid is ‘'a substance that 
yields hydrogen ions in aqueous solution.” The sour taste 
of acids is due to the presence of the hydrogen ion. 

Organic acids as a group are not as strong as inorganic acids. 
In other words, in water solutions the percentage of an organic 
acid present as hydrogen ions is smaller than would be the 
case for an ecpial concentration of an inorganic acid. But the 
organic acids are like the inorganic acids in their ability to 
neutralize bases to form salts. 

The organic acids to be considered first are known as mono- 
carboxylic or monobasic acids, since they contain one carboxyl 
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group. One molecule of those acids will neutralize one molecule 
of a monovalent base; hence t he name, monobasic, for the grouj). 
This homologous series usually is referred to as the fatty acid 
series, because the acids containing four and more carbon atoms 
are constituents of the natural fats, from which they can 
be obtained 1)y hydrolysis. The general formula for the series 
is CnlTsnaCOOH. Reference to Table X will show that many 
of the names suggest common sources of the acids, but the of¬ 
ficial names according to the I.U.C. system are obtained by 
dropping the final e in the name of the par^iffin hydrocarl)on 
with the same number of carbon atoms and adding instead oic. 


TAliLK X 


Constants of Somk Normal 8ati:ratlt) Monobask’ Actps 


COMMON NAME 

FORMIJI.A 

M.IL 

° 

B.P. 

® (\ 

Formic 

HCOOH 

8.4 

100.7 

Acetic 

OH.OOOH 

10. (i 

118.1 

Propionic 

0,H,OOOH 

-22.0 

141.1 

Butyric 

CgH^COOH 

- 7.9 

163.5 

Valeric 

C,H„COOH 

-04.5 

187.0 

Caproic 

(tlij^COOH 

- 2.0 

205,0 

Caprylic 

G,H,,COOH 

10.0 

237.5 

Capric 

C,H,,COOH 

01.5 

2(i8.4 

Laurie 

C„Hy,COOH 

44.0 

— 

Myristic 

C,,H2,C00H 

58.0 

_ 

Palmitic 

C\,H,,COOH 

04.0 

_ 

Stearic 

C„H„COOH 

09.4 

383.0 

Arachidic 

C,,H,„COOH 

70.0 

32R.0 

Formic Acid, HCOOH. — ^Methanoic or formic acid, the sim- 

plest member of the fatty acid series. 

, was obtained first by the 

distillation of red ants. The reason 

for carrying out this ex- 

periment now is obscure, but the experiment inspired the name 

for the compound. 

(Formica is the Latin term for ant.) 





0 



C. 

// 

CO + 

NaOH 

-> 

H—C 



6-8 atmospheres 

\ 




OKa 

Carbon 

Sodium 


Sodium formate 

monoxide 

hydroxide 
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Formic acid is prepared commercially by the reaction of 
carbon monoxide with solid sodium liydroxide at temperatures 
of 150° to 160° C. and under a pressure of 6 to 8 atmospheres. 
The acid of commerce, which is 85 per cent formic acid, is ob¬ 
tained from the sodium formate by distillation with sulfuric acid. 
Because concentrated sulfuric acid dehydrates formic acid witli 
Ihc evolution of carbon monoxide, special manipulations are 
necessary in the recovery of formic acid from sodium formate. 

A laboratory method for preparing formic acid involves tin* 
heating of oxalic acid with glycerol. A number of intermediate 
products are formed, but the reaction consists essentially in the 
decomposition of the oxalic acid to yield carbon dioxide and 
formic acid. 

COOH 

I glycerol CO, 4 - HCOOH 

COOH-> 

Oxalic acid 100®-110® C. Formic acid 

Another laboratory means for preparing formic acid is by the 
action of a strong base on one of the trihalogen derivatives of 
methane (chloroform, bromoform, or iodoform). 


/ICi 

HC-lCl 


KjOH 

+ KjOH a KOI -f 
\(C1 K|OII 


[o 

H]'" 

A 


HO—0] 


\ 


0 

H _ 


Chloroform Potassium Potassium Intermediate 

hydroxide chloride product 


H,0 + HCOOH 


Formic 

acid 


Formic acid is a colorless liquid with a penetrating, pungent 
odor. It mixes in all proportions with water, alcohol, and ether. 
If the concentrated acid comes in contact with the skin, painful 
blisters result. 

Chemical properties. The chemical properties of formic acid, 
as is true of the chemical properties of the first member of many 
homologous series, differ in several particulars from those of 
other members of the series. Formic acid is distinctive as com¬ 
pared with its homologucs in that it exhibits the properties of 
an aldehyde. The reason can be seen if the formula is written 
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as HO—0=0. Its reducing action is illustrated by its reactions 

I 

with silver compounds to form a silver mirror. 


HO—C :=:0 

1 

+ Ag,0 

—> H 0(), H 

H3O 

1 

H 

Formic 

Silver 

Metallic 


acid 

oxide 

silver 



Formic acid is dehydrated easily. For example, when it is 
heated with sulfuric acid, carbon monoxide and water are ob¬ 
tained. 

A 

HCOOU - CO + H,() 

Formic Carbon 

acid monoxide 

This reaction furnishes a convenient laboratojy method for ])re- 
paring small quantities of pure carbon monoxide. Carbon mon¬ 
oxide when prepared by other methods usually is coJitamiiiated 
with carbon dioxide. 

Formic acid is loss stable than the other acids in the same 
homologous series. When it is heated above 160° C., it de¬ 
composes to form carbon dioxide and hydrogen. 

+ 160 ^ 0 . 

HCOOII-^ CO, + H, 

The ionization constant of an acid, which is determined by the 
percentage of the acid that is ionized, indicates the strengtli 
of an acid. The ionization constant of formic acid shows that 
it is twelve timas as strong as its next homologue, acetic acid. 

An important salt of formic acid, sodium formate, reacts in 
a manner different from the corresponding salts of the other 
acids in the same series. When sodium formate is heated, hydro¬ 
gen is evolved and sodium oxalate results. This is an important 
method for the preparation of oxalic acid. 

A 

2 HCOONa H, + NaOOC—COONa 

Sodium formate Sodium oxalate 

Uses. Formic acid is important in the tanning industry, 
where it is employed to neutralize the lime (calcium hydroxide) 
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used in deliairing hides. Because formic acid has the lowest 
molecular weight of any of the organic acids, pound for pound 
it will neutralize more of a base than any other organic acid. As 
the commercial production of formic acid increases, the price of 
the acid is becoming lower. Accordingly, it is replacing the other 
organic acids, such as acetic, for various industrial purposes. 



Fig. 31.—Tanks in which cider vinegar is aged. The apple Juice imparts 
to this type of vinegar characteristic flavors and odors that are not found 
in vinegars made from ethyl alcohol by the “quick vinegar process.” Good 
cider vinegar is as carefully produced as fine old wine. (Courtesy of the 
H. J. Heinz Co.) 


Large quantities of formic acid were formerly shipped to the 
East Indies where the compound was used to coagulate the col¬ 
lected sap of rubber trees as a step in the preparation of rubber 
latex. 

Acetic Acid^ CH3COOH.—Acetic acid, also known as ethanoic 
acid, gives vinegar its characteristic properties. The formation 
of acetic acid from fruit juices has been known for centuries. 
Acetic acid as vinegar is still made by storing fruit juices, such 
as cider, and allowing them to ferment. Yeasts normally are 
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present on the fruit and in the air. These yeasts contain an en¬ 
zyme, zjTuase, that converts the sugar in the juice to ethyl alco¬ 
hol. Then other microorganisms, particularly Bacterium aceti 
and My coderma aceti, convert the ethyl alcohol to acetic acid. 
These microorganisms derive energy for their life processes 
from the oxidation of ethyl alcohol. 

Other substances used for the manufacture of vinegar arc 
molasses and corn star(*h. Enzjuncs convert the sugar in these 
substances to ethyl alcohol, which is oxidized to acetic acid by 
various methods. 

Closely related to the natural, J)iit slow, i)rocess of fermenta¬ 
tion is the commercial method of producing vinegar, known as 
the quick vinegar process. Wooden vats are filled with curly 
beechwood shavings, which do not pack. The shavings are 
inoculated by pouring a suspension of Mycoderma aceti and 
Bacterium aceti (mother of vinegar) over them. The purpose 
of the shavings is to present a large surface for the oxidation 
reaction. Dilute solut ions of alcohol are allowed to trickle slowly 
over the shavings. A plentiful supply of oxygen is secured by 
forcing air into the vats through openings at the bottom and the 
sides. The process is repeated several times, the temperature 
being maintained at about 30® to 35® C. The process requires 
from eight to fourteen days and yields a product containing 
from 4 to 6 per cent acetic acid. This material is purified by 
redistillation, and the product is the familiar white vinegar'' 
available in any grocery store. Cider, malt, and wine vinegars 
differ from white vinegar in that they are made by the fermenta¬ 
tion of natural products, and contain in addition to acetic acid, 
small amounts of other substances that impart distinctive flavors 
to each kind of vinegar. 

The acetic acid produced by the quick vinegar process is not 
used for the production of the concentrated acetic acid required 
in industry, because evaporating such large quantities of water 
to obtain a concentrated product would be expensive. Nearly 
all of the enormous quantities of acetic acid used in industrial 
processes, such as the manufacture of rayon, are made from 
acetylene. Acetylene reacts with water in the j^resence of mer¬ 
cury salts and dilute sulfuric acid to give acetaldehyde. The 
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acclaldeliyde is llien oxidized to acetiii acid by passing* mixtures 
of it and air ovei* a manganese dioxide (‘atalyst. 

HgSO, [OJ 

HC^OH + H/)-Cll,(^=::0-> CH 3 COOH 

H,SO* t MiiO, 

H 

Acetylene Acetaldehyde Acetic acid 

Another source of concentrated acetic acid is the distillate 
of hard wood, whic'h, as stated previously, contains a crude 
product called pyroligneous acid. Formerly the pyroligneous 
acid was neutralized with lime (calcium hydroxide) to give 
''gray'' or "brown" acetate of lime, depending on the amount 
of tarry material present. The acetate of lime then was mixed 
with dilute sulfuric acid, and the acetic acid was separated by 
fractional distillation. This separation was possible because the 
boiling point of sulfuric acid (290^^ C.) is so much higher than 
that of acetic acid (118° C.). 

The older calcium acetate method is being supplanted by ex¬ 
traction with solvents, such as diethyl ether and isopropyl etlier. 
Acetic acid and other organic substances present in the py¬ 
roligneous acid are much more soluble in the organic solvents 
than they are in water, so that the acetic acid is withdrawn from 
the aqueous solution by the organic solvent. Furthermore, tlie 
solvents form two layers when in contact with water, since tliev 
do not mix with the water. This makes the separation of the 
two layers easy. The low boiling ethers are easily distilled off, 
leaving the acetic acid and other organic substances. Tlie acetic 
acid then is separated by fractional distillation. 

Acid of 99.5 jjer cent purity can be obtained by this process 
and by the acetylene process. Acetic acid of this purit}^ solidifies 
at 17° C., forming a slush of water-clear crystals resembling 
ice; and because of this characteristic, the concentrated acid 
usually is called glacial acetic acid. 

Glacial acetic acid is corrosive to the skin. It does not begin 
to burn at once, as do inorganic acids, but when it finally is 
noticed and washed off with water, the acid already has eaten 
into the flesh. Dilute solutions of acetic acid do not show this 
corrosive property. 
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Acetic acid is a liquid with a pungent odor. It is miscible 
with water in all proportions. Relatively strong oxidizing 
agents, such as potassium permanganate and chromic acid, do 
not affect it; therefore, oxidation of other organic compounds 
often is carried out in acetic acid as a solvent. 

Uses. The acid in the form of vinegar finds multiple uses in 
the kitchen as a condiment as in salad dressings, and in all kinds 
of pickles—dill pickles, mustard pickles, pickled beets, etc. 

Since acetic acid is a relatively inexpensive chemical that 
has been produced for a long tim(i, it has found a variety of in¬ 
dustrial uses. 

1. Acetic acid is used in the production of cellulose acetate, 
which is used for making noninfiammable motion picture film 
and one type of rayon. 

2. The aluminum, iron, and chromium salts of acetic acid are 
used as mordants in the textile industry. Mordants are sub¬ 
stances that are applied to fabrics to enable them to adsorb 
certain dyes that otherwise would not combine with the fibei*. 

3. The double salt of copper acetate and copper arsenite is 
called Paris green; this salt is used as an insecticide. 

4. Sugar of lead, or lead acetate, is useful in the treatment of 
poison ivy dermatitis. 

5. The manufacture of acetone consumes considerable quan¬ 
tities of acetic acid, 

6. Acetic acid is the basic comx)ound for a number of organic 
syntheses, some of which are of great technical importance. 

Propionic Acid, CH3CH2COOH. —Small quantities of propi¬ 
onic acid are present in pyroligneous acid. Propionic acid can 
be prepared by the oxidation of n-propyl alcohol, or by the 
hydrolysis of ethyl cyanide. Its properties closely resemble 
those of acetic acid, except that it is a slightly weaker acid. It 
is formed by bacteria in the ripening of Swiss and some other 
kinds of cheese, which fact may be partially responsible for their 
flavors. One of its salts, calcium propionate, sometimes is added 
to bread dough to inhibit the growth of molds. 

Butjoic Acid, CH3CH2CH2COOH. —Butyric acid exists in two 
isomeric forms. The n-butyric acid, CHsCHgCHgCOOH, occurs 
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in the combined form as the glycerol ester in butter to the 
extent of 2 to 3 per cent. Butyric acid has a foul and putrid 
odor. The presence of small amounts of the free acid are re¬ 
sponsible for the odor of rancid butter. It also occurs in the 
free state in perspiration, and as one of the products of various 
fermentation and decaying processes. The calcium salt of 
n-butyric acid is unusual due to its property of being more 
soluble in cold than in hot water. 

Isobutyric acid, or methyl propanoic acid, (CH 3 ) 2 CHCOOH, 
is similar to n-butyric acid in most of its properties, except that 
it is more easily oxidized and is not miscible with water. 

Valeric Acid. —The five-carbon homologue of the fatty acid 
scries occurs in four isomeric forms: 


n-Valoric acid: 


Isovaleric or 
3 -methyl butanoic acid * 


Active valeric or 
2 -rnefliy1 butanoic acid: 


CH,CH,CH,CH,COOH 

CH, 

\ 

CHCH^COOH 

/ 

CH, 

CHjCH.CHCOOH 


CH, 

Trimethyl acetic or | 

2,2 dimethyl propanoic acid: CH,—C—COOH 


CH, 


The properties of the various isomers are similar, except that 
the more highly branched the carbon chain, the more easily the 
compound is oxidized. The formulas are offered to the student 
as an example of chain isomerism among the acids. 

Isovaleric acid, the common form, occurs in the free state in 
valerian root and in animal excretions. It has an odor similar 
to that of butyric acid. 

Higher Patty Acids. —Only the fatty acids with an even 
number of carbon atoms are of much importance. Those con¬ 
taining four or more carbon atoms occur in combination with 
glycerol in animal and vegetable fats and oils, and often are 
termed acids. Of these, palmitic, CigHgiCOOH, and stearic, 
C^HggCOOH, are the most widely distributed. 
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Since the higher fatty acids are mainly of interest because of 
their relationship to fats and oils, further discussion of them 
will be given in Chapter XII. 

General Methods of Preparing Fatty Acids. —There are a 
number of general methods of preparing saturated monobasic- 
acids. 

1. Oxidation of jirimary alcohols and aldehydes: 


[ 0 ] 

KCH^OH-> 



RC-^OH 




H 


0 

-H,0 / [OJ 

-> 1?C- 

\ 

H 


O 


\ 


on 


Prinuiry Iiiterniedijife Aldehyde Acid 

alcohol product 


2. Hydrolysis of nitriles (the nitrilc's, also called the alkyl 
cyanides, are prepared from the alkyl lialides and the inorganic' 
cyanides) : 



RX 

+ NuCeeN 

\{{ '=N + 

NaX 


Alkyl 

Sodium 

Alkyl 

Sodium 

halide 

cyanide 

cyanide 

lifilide 

The hydrolysis of the nitriles can 

he brouglit about by heatini 

with either dilute acids or dilute alkalies: 


RC=N 

+ 

2 H ,0 + HCl • 

Jt(X>()n 

+ NH,C 1 

Alkyl 


Hydrochloric Organic 

A mmonium 

cyanide 


acid 

acid 

cldoride 

o 

HI 

■f 

H ,0 + NaOH 

RCOONa 

+ NH, 

Alkyl 


Sodium 

Sodium salt 

cyanide 


hydroxide 

ol' acid 



3. Another method utilizes the Grignard reagent. Dry carbon 
dioxide is passed into an ethereal solution of a Grignard reagent. 
Tlie addition compound formed is decomposed by passing it into 
a mixture of ice and dilute sulfuric acid. 

H,0 

RMgBr + CO, RCO,MgBr-> HCOOH + Mg(OH)Br 

A Grignard Giignard addition Organic 

reagent compound ■ acid 
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Acid Derivatives 

Salts. A(U(l (l(!rivalivcs an; Ihose coiujKnnKls in Avliicli the 
carboxyl group has ])een modified. The simplest class of such 
compounds is made up of the salts formed by the reaction of an 
organic acid and an inorganic base. Salts of organic acids dif¬ 
fer from the acids tliemselve.s in that they are highly ionized. 

O 

// 

CH3COOH + NaOH -> H,() ^ O—Na 

Acetic 8odium Sodium 

acid liydroxide acetate 

The salt formed by the reaction of acetic acid with sodium hy¬ 
droxide is a typical example of this class of acid derivative, and 
is a common article of commerce. Sodium acetate frequently 
is employed in the lalioratory as a buffer. A given concentration 
of this salt gives a pll of known value that is not changed sud¬ 
denly by addition of acid or alkali. 

Keeently sodium a(‘elate has been used in large quantities as 
a, neuti alizing agent in gas masks. 

Other salts of acetic acid that are of commercial importance 
have been diseus.sed in connection with acetic acid. Salts of 
organic acids other than acetic will be discussed in connection 
with the uses of the various acids. 

Esters.—Estei-s are acid derivatives that are analogous in 
some respects to the salts of the organic acids. They are formed 
from the reaction of an alcohol and either an inorganic or an 
organic acid. Experiments in which methyl alcohol containing 
heavy oxygen (atomic weight 18) reacted with an acid have 
demonstrated that the water formed contains ordinary oxygen 
(atomic weight 16) and not the isotopic form. This proves 
that in esterification reactions (reactions in which esters are 

oh/_ / 

XrOH^ + ^HjO^—CH 3 CH,C—+ H,0 

Acetic Methyl Methyl 

acid alcohol acetate 


♦Heav'y oxyg^en. 




216 


ORGANIC AND HIOLOGKUI. ClIRMISTRY 


formed) water is formed from the hydroxyl of the acid and the 
hydrogen of the alcohol, instead of the other way around. 

Although esters are analogous to salts in their structure, they 
are very different in some of their properties. The reaction by 
which esters are formed is not ionic, as is true in the formation 
of salts. Accordingly, the reaction is much slower and does not 
go to completion. Most esters are liquids, whereas salts are 
crystalline solids. O 

// 

The type formula for an ester is R—C—0—R', iti which R 
and R' may or may not be the same alkyl radical. 


There are four esters with the molecular formula CJTyOg. 
Their graphic formulas illustrate isomerism of esters. 


0 

0 

0 

() cir 

/ 

CH,C—0—CjH, 

// 

// 

/ / 

ch 3 CH,c— o—on. 

HC— 

\ 

OH, 

Isopropyl 

Ethyl 

Methyl 

Propyl 

acetate 

propionate 

formate 

formate 


These examples aLso show the system of nomenclature for esters. 
The name of an ester is formed from the name of the reacting 
alcohol and the name of the acid with an aie instead of an ic 
ending. For example, in the first case the ester is formed from 
ethyl alcohol and acetic acid, hence the name ethyl acetate. 
There is no commonly used Internalional system of naming 
esters. 

Pour general methods of preparing esters will be presented, 
using the preparation of ethyl acetate as a particular example. 

1. The reaction of an acid with an alcohol in the presence 
of a catalyst to take up the water formed: 


CH,COOH + C,H,OH 
Acetic Ethyl 

acid alcohol 


cone. 

- > 


O 

CH,d^O—C,H. + H,() 
Ethyl 
acetate 


It is necessary to have some substance present to remove the 
water formed, otherwise the reaction reaches equilibrium when 
only two-thirds of the acid and alcohol have reacted. 
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2. The reaction of the silver salt of an organic acid and an 
alkyl halide: 


CH,C—O—Ag + C,H.I 
Silver Ethyl 

acetate iodide 


Agl + CH,(^0—C,H, 

Silver Ethyl 

iodide acetate 


3. The reaction of an acid chloride with an alcohol : 


CH,C—Cl + C,H,OH 
Acid Ethyl 

chloride alcohol 


HCl + CH,C—O—C,H, 
Ethyl 
acetate 


4. The reaction of an acid anhydride and an alcohol; 


O 


// 

CH.C 

\ 

0 

+ C,H.OH 

0 

// 

CH^C—0~C,H, 

+ CH 3 COOH 

/ 

CH,C 

\ 

0 

Acetic 

Ethyl 

Ethyl 

Acetic 

anhydride 

alcohol 

acetate 

acid 


With regard to physical properties, many of the esters are 
substances with pleasant odors. Many of them occur in natural 
products and bestow the characteristic odor and flavor on es¬ 
sential oils, such as oil of wintergreen, and on perfumes, such 
as orange blossom and rose. 

The most significant chemical reaction of the esters is hy¬ 
drolysis. It was stated earlier that in the formation of esters, 
it is necessary to have some substance to take up the water 
formed in order for the reaction to go more nearly to completion. 
The reaction of acetic acid and ethyl alcohol illustrates this 
principle. 

0 


CH^COOH + C,H,OH CH,C^O—C,H, + H,0 

If we start with one mole (that is, one gram-molecular weight) 
of acetic acid and one mole of ethyl alcohol, at equilibrium it 
will be found that one-third of a mole of the acetic acid and 
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one-third mole of the ethyl alcohol still remain unchanged. The 
double arrows signify that the action is reversible. The prin¬ 
ciple involved also is illustrated by the mixing of one mole of 
ethyl acetate and one mole of water. At equilibrium one-third of 
a mole of acetic acid and one-third of a mole of ethyl alcohol 
will be present, whicli is the same condition as that obtained if 
we start witli ethyl alcohol and acetic acid. It will be seen, there¬ 
fore, that the equilibrium can be reached from either direction. 

These examples bi-ing us to a discussion of equilibrium con¬ 
stants. Let us suppose that we liave the reaction : 

A -f- B ^ c -1- I) 

Tlic law of mass action stales that the speed of a chemical re¬ 
action at a particular instant is proportional to the concentration 
of the reactants at that instant. As the concentration of A and 
B decreases, the speed of formation of C and D will decrease. 
The reaction in the opposite direction then will increase; that is, 
the reaction of C and 1) to form A and B will increase. At a 
certain point, depending on the temperature and the nature of 
the reacting substances, the speed of formation of C and D will 
equal the formation of A and B. The equilibrium point can be 
compared to a scale that has an equal weight on each side. At 
equilibrium the concentration of the substances taking part in 
the reaction, expressed in moles per liter, can be put in the form 
of an equation. The brackets around the substances indicate 
that its concentration is expressed moles per liter. 

[C] X [i>l _ ,. 

[A] X [BJ - 

In the equation, K equals a constant. That is, the ratio of the 
concentrations at a given temperature has a definite, fixed value. 

The equilibrium constant expression can be used to determine 
the most favorable conditions for the formation of esters. As 
has been mentioned before, at equilibrium one-third of the acetic 
acid and ethyl alcohol originally present remain unchanged. 
If we start with one mole of each of thejse substances, then the 
conditions at equilibrium can be expressed as follows: 

O 

[ CH,(>-0—CjH, I X [ H,01 
[CH,OOOH] X ™ 


K 
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Substituting the actual concentrations of the>;e substances at 
equilibrium: 

K 4 


JI 




jo.ar) j 


The significance of the value 4 is that, regardless of the con¬ 
centration of any of the substances in the reaction, the ratio of 
the products to the reactants must equal 4. For a hypothetical 
case, suppose that at equilibrium (in the reaction of acetic acid 
and ethyl alcohol to form ethyl acetate) the concentration of 
the substances can be represented by the following numerical 

|.S| y |4| 

i>i x [2j ^ ^ [■“i “ 

Now, if the amount of water is decreased by the use of a de¬ 
hydrating agent, the condition after the action of the dehydrat¬ 
ing agent can be represented as: 


‘ l-M __ 1, 

[4] X \2\ - [H j •" 

If the water is decreased by one-half, the amount of ester must 
be doubled, since the value of K does not change. This is the 
reason that the addition of sulfuric acid or some such dehy¬ 
drating agent insures that more ester will be formed. 

In the hydrolysis of an ester the reverse conditions exist. It 
is advantageous to remove either the acid or the alcohol formed 
by the reaction. Sodium hydroxide is used because it reacts 
with acetic acid to form sodium acetate, thus removing the 
acetic acid from the reaction. For this reason, alkalies are used 
in the hydrolysis of fats, which are esters of high molecular 
weight acids and glycerol. The salte of the high molecular 
weight fatty acids are soaps. The term saponification is ap¬ 
plied to the hydrolysis of all esters with alkalies, whether the salt 
formed is a soap or not. 

Specific Esters and Their Uses. — Methyl formate, HCOOCHg, 
has the lowest molecular weight of the simple esters. Because 
formic acid is a relatively strong acid, no catalyst is required 
for the fomalion of methyl formate. 1^'ormic acid and methyl 
alcohol are heated together, and the reaction proceeds nearly 
to completion, because the methyl formate has a low boiling 
point (32® C.) and distills out of the reacting mixture. 
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Methyl formate is used to control insects in grain and other 
food products. 

Ethyl formate^ HCOOCglln, is a component of artificial rum. 

Ethyl acetate, CHgCOOCoIIs, is a water-clear liquid, almost 
insoluble in water, but miscible in all proportions with alcohol 
and ether. It is employed in industry as a solvent for cellulose 
nitrate lacquers, such as those used for automobile finishes. 
Industrial processes using cellulose acetate also utilize ethyl 
acetate as a solvent. 

Butyl acetate, CHgCOOC^Hg. Normal butyl acetate is manu¬ 
factured from n-butyl alcohol and acetic acid, using sulfuric acid 
as a catalyst. Solvents for the nitrocellulose types of lacquer, 
such as Duco, usually are composed of several substances in or¬ 
der to give special properties, such as gloss and quick-drying, to 
the lacquer. The major portion of these solvent-s for cellulose 
lacquers is butyl acetate. 

Amyl acetate, CHgCOOCgHi^. Amyl acetate sometimes is 
known as banana oil because of its odor. It is a component of 
the solvents for cellulose nitrate lacquers. 

Methyl butyrate, CglljCOOCHg, is used in artificial fruit 
essences. This ester has the pleasant odor common to most 
esters. Its odor is all the more striking because the reaction of a 
poisonous alcohol with a foul smelling acid yields an ester used 
in perfumes. 

Ethyl butyrate, C 8 H 7 COOC 2 H 5 , has the odor of pineapples. 

Octyl acetate, CHgCOOCgH,^, occurs in oranges. 

Vinyl acetate, CHgCOOCH^CHg, is used in the manufacture 
of synthetic resins. 

Esters of the inorganic acids. The alkyl halides discussed in 
Chapter IV are the esters of the halogen acids and will not be 
discussed in this section. 

The esters of the oxygen-containing inorganic acids are im¬ 
portant in medicine, industry, and in chemical syntheses. 

Ethyl nitrite, CgHgONO, is formed by the reaction of nitrous 
acid and ethyl alcohol. 

-f HO| NQ C,H,0~-N=::0 + H/) 

Ethyl Nitrous Ethyl 

alcohol acid nitrite 
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Ethyl nitrite has an applelike odor, and its alcoholic solution 
is sold as sweet spirit of nitre (spirit of ethyl nitrite) for medic¬ 
inal use. 

Amyl nitrite^ CsHnONO, can be prepared by the same type 
of reaction as that used for ethyl nitrite. It is employed for the 
relief of the pain of angina pectoris and gall bladder colic. 

Glyceryl trinitrate belongs to this group of compounds, but 
its use as an explosive has been discussed in connection with the 
trihydroxy alcohols (see ])agc 168). 

Dimethyl sulfate, ( 0113 ) 2804 , is prepared by the following 
reactions: 

1. The reaction of methyl alcohol with sulfuric acid. 

CH,OH T H,SO, SO,OH + H ,0 

Methyl Sulfuric Methyl hydrogen 

alcohol acid sulfate 

2 . The distillation of methyl hydrogen sulfate under dimin¬ 
ished pressure yields dimethyl sulfate. 

2 CH,—O—SO,OH H,SO, + (CH.),S 04 

Methyl hydrogen Dimethyl 

sulfate sulfate 

Dimethyl sulfate is inexpensive and is employed extensively 
as a methylating agent. It is poisonous and should be handled 
with extreme caution. 

Diethyl sulfate, ( 02115 ) 2804 , is used as an ethylating agent. 
It has a peppermint-like odor, and, unlike dimethyl sulfate, is 
nontoxic. 

Acyl Halides. —Another class of acid derivatives is known 
as acyl halides. The compounds of this class are formed by the 
replacement of the OH group in the acid by a halogen; conse¬ 
quently, the type formula for this class of compounds is RCOX, 
where X is chlorine, bromine, or iodine. The most common 
class is the acyl chlorides. This is true because they are less 
expensive and are easier to produce than the other halides. The 
acyl chlorides, or acid chlorides as they sometimes are called, 
are the only ones that we shall discuss in this section. The acyl 
group of an acid is the part of the acid molecule remaining 
after the hydroxyl group has been removed. Therefore, the type 
formpl^ for an acyl radical is JtCO— t Tb^ student should not 
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confuse the acyl radical with the acid radie^il, RCOO—, formed 
in ionization. The name of the acyl radical of an acid is ob¬ 
tained by dropping the ic in the name of the acid, and adding yl 
(i.e., acetyl from acetic). The systematic name for the acyl 
halides is obtained by dropping the e of the hydrocarbon name, 

0 

// 

and adding oyl; for example, CK..C—Cl by this system is called 
ethanoyl chloride. 

The acid chlorides are more reactive than the acids themselves. 
In fact, the acid chloride of formic acid is too reactive to exist 
at ordinary tem}>erafures: hence, the first stable acid chloridi^ 
contains two carbon atoms. 

General methods of preparing acid (acyl) chlorides are il¬ 
lustrated by the methods for the preparation of acetyl chloride. 

1. Reaction of acetic acid with phosphorus trichloride: 


O 

// 

3 CH,C—OH + PCI, P( 0 H )3 + 

Acetic Phosphorus Pho.«3phorons 

acid trichloride acid 


O 

// 

; (ur,c~ci 

Acetyl 

chloride 


2. A widely used laboratory method is by the reaction of an 
acid and thionyl chloride: 


O 

/ 

CH3COOH -f SOCI3 80 , + HCl f CH^C—Cl 

Acetic Thionyl Sulfur Acetyl 

acid chloride dioxide chloride 


This method has the great advantage that products other than 
the acid chloride formed in the reaction are gases, which makes 
it easy to purify the acid chloride. 

3. An important commercial method of preparation is the re¬ 
action of sodium acetate and sulfuryl chloride ; 

O 

+ SO.,Cl, 2 CH,(>-C 1 + Na,SO, 

Sulfuryl Acetyl Sodium 

chloride chloride sulfate 

Reactions of acid chlorides. The halogen atom in acyl halides 
is more reactive than it is in alkyl halides. 


2 CH,C-- 0 —Na 
Sodium 
acetate 
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]. KeactJou with walei*; TJie acid chlorides react with water 
to form ail orgaiiii* a(;id and hydrochloric acid. In the case of 
the lower members, this I'oaction can be violent since heat is ^?:en- 
e rated. 

O 

// 

C] + H,() CH 3 COOH + HCl 

Acetyl Acetic Hydrochlovic 

chloride acid acid 


This C(iuation explains why the vapors of acetyl chloride are ir- 
rilating to the eyes and mucous membranes. Even small con- 
(‘cntrations cause a copious flow of tears. The acid chloride 
reacts with the moisture in the eyes to form hydrochloric acid, 
which causes the irritation. 

2. Acid chlorides react with the hydrogen in the hydroxyl 
group of the alcohols to give accdyl derivatives (esters) : 

o o 

CH,d^Cl + HOC,H. -> C,H. + HCl 

Acetyl Ethyl Ethyl acetate 

chloride alcohol (an ester) 


Tiiis reaction is useful in the (lualitativo and quantitative identh 
fication of unknown organic compounds. If an hydroxyl group 
is present in an unknown compound, there will be a reaction 
with acetyl chloride, usually with the formation of a solid acetyl 
derivative. Under carefully controlled conditions a quantitative 
determination of the number of hydroxyl groups can be made by 
a titration of the acetic acid formed on the hydrolysis of the 
acetyl derivative. Since the acetyl group occurs in so many 
organic derivatives, the student should drill himself until the 


0 

word instantly brings to mind the grouping CHsO^* 

3. Another reaction of importance in synthetic organic chem¬ 
istry is the reaction of an acid chloride with silver cyanide to 
form acyl cyanides. 


o 


CH,C—C1 + AgC=N 
Acetyl Silver 

chloride cyanide 


AgCl + 
Silver 
chloride 


0 

CH,C—C=N 
Acetyl 
cyanide 
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As has been emphasized earlier, the nitrile group is a potential 
carboxyl group, and the acyl cyanides in water give a-keto acids. 

O 

II 

NH, + CH,C—COOH 

Pyruvic acid or 
rt-ketopropioiiie acid 

The acid chlorides also react with the salts of organic acids 
to give acid anhydrides. Acid chlorides react with ammonia to 
yield acid amides. 

The acid chlorides of organic acids with high molecular 
weights can be made by the same methods as those outlined for 
acetyl chloride. Since the acid chlorides are reduced more easily 
to the corresponding aldehydes than are the acids themselves, 
some of the chlorides with high molecular weight acid are used 
for this purpose. 

Acid Anhydrides. —Another type of acid derivative is formed 
by the elimination of a molecule of water between the hydroxyl 
groups of two acids. The type formula for acid anhydrides is 
R—COOOC—R. There are no commonly used I.U.C. names 
for the acid anhydrides; instead, they are named according 
to the acids from which they are derived. The anhydride of 
formic acid is not known, so that the simplest acid anhydride is 
that formed from two molecules of acetic acid. 

1. Acetic anhydride can be prepared by passing the vapors 
of acetic acid, heated to 600® C., over a dehydrating substance, 
such as phosphoric acid adsorbed on charcoal. This reaction 
shows the structural relationship of the anhydrides to the acids. 


O 

O / 

/ _ ch/ 


CH,C—OjH 

H.PO, 
-> 

\ 

+ i 

o 

CH.O-iOH 

600** C. 

/ 

\ 


CH,C 

0 


\ 

Acetic acid 


Acetic 

vapors 


anhydride 


2. Acetic anhydride also can be prepared by heating an¬ 
hydrous sodium acetate and acetyl chloride under pressure. 


CH3C~C=N + 2 HP 
Acetyl 
cyanide 
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O 0 O () 

// \ pressure / / 

O- Na f (’1-^-CClL,-> (II.CV O—CCK, + NaCl 

Sodium Acetyl Acetic Sodium 

acetate cdiloricle tmliydride < liloride 


3. A eomiiiercial method of oblaininj^ aeetie anhydride is hy 
the reaction of an nnsatnrated compound, ketene, and glacial 
acetic acid. 


() O 

CH, = C~0 -f H^CCOOn CH^C—O -CCH 3 

Ketene Acetic acid Acetic anhydride 


A(‘eti(‘ an]i\’(irid(‘ is 1y])i(*al in its ('h(‘mi('al i*eactions of th(‘ 
(ditire (‘lass of acid aiiliydrid(‘s. Sitiiilar anhydrides of other 
acids ar(‘ known, as as taixed anhydrides formt^d from two 
unlike acids. 

Acetic anhydride is a liquid with a boiling point of 140*^ C. 
and Avith an odor resembling glacial acetic a(‘id. It tvill react 
with water, but the reaction is veiy much slowei* than the cor¬ 
responding reaction of acetyl chloride and water. The reaction 
of acetic anhydride and water yields two molecules of acetic 
acid; this is the reverse of the reaction used for its formation. 

A similar type of reaction takes place Avith ah^ohols. 


0 

// 

ITOiUh -> 0 ^UI, 1 CH,COOII 


Ethyl Ethyl Acetic 

alcohol acetate acid 

TJiis reaction between acetic anhydride and the hydrogen 
of the hydroxyl grou]) of another organic com])ound is impor¬ 
tant both commercially and in the laboratoi'v for the introduc- 

O 

tion of the acetyl group ((dI;]C<^ ). Commercially, acetic 

anhydride, in the presence of a small amount of sulfuric 
acid, is used in the formation of acetyl derivatives of cellulose. 
This yields cellulose acetate, which is employed in the manu- 


O 

// 

(Uf.y 

\ 

b f 
/ 

CUbC 

\ 

o 

Acetic- 

anhydride 
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fneturo oT movie film, plasties, and acetate rayon. As we 
shall see later, cellulose is a hij^h molecular weight compound 
that contains liydroxyl groups. 

In the laboratory, acetic anhydride yields acetyl derivatives of 
hydroxyl compounds. These derivatives usually are crystalline 
solids with definite melting points, and are useful in the identifi¬ 
cation of unknown hydroxyl compounds. In this respect, the use 
of* acetic anhydride is similar to that of acetyl chloride. 

The reaction between acid anhydrides and ammonia yields 
acid amides. 

The production of acetic anhydride iii the United Stales in- 
(‘reased from 2r)6 million pounds in 1940 to 522 million ])ounds 
in 1946. 

Acid Amides. —Acid derivatives in which the hydroxyl of 
the carboxyl group has been replaced by an amine (—NHg) 
group are known as acid amides. The type formula tor acid 
amides is RCONHg. There is no commonly used International 
system of naming the amides; their names are derived from the 
name of the acid (formamide, acetamide, etc.). 

The amide of formic acid, formamide, is known, but since the 
preparation of acetamide is a common laboratory experiment and 
since it has more industrial uses than other amides, we shall con¬ 
sider acetamide as typical of the class. 

1. Acetamide can be prepared by the action of ammonia on 

acetyl chloride. ^ q 

il 11 

NH, + Cl—CCH, -> NH,C—CH 3 + HCl 

Ammonia Acetyl chloride Acetamide 

2. The reaction between acetic anhydride and ammonia also 
yields acetamide. 

0 0 O 

CH,Uo—I jCH, + NH, -> NH,C—CH, + CH.COOH 

Acetic anhydride Ammonia Acetamide Acetic acid 

3. Acetamide can be prepared by the partial hydrolysis of 
methyl cyanide (acetonitrile) by means of concentrated sulfuric 
acid or alkaline hydrogen peroxide. 

O 

alkaline // 

CH,C=N + H,0-> CH/j—NH, 

Acetonitrile 40*^ 0. Acetamide 
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There are more convenient methods of preparing acetamide m 
the laboratory, but this reaction is presented to emphasize to 
the student the intermediate role of amides in the preparation 
of acids by the hydrolysis of nitriles. Amides are hydrolyzed 
to give acids. 

Acetamide is a crystalline solid with an odor resembling tliat 
of mice. This odor is due to traces of impurities in the acet¬ 
amide. It usually is purified by disiillation, but since it boils 
at 220^^ C., an air instead of a water condenser must be used 
or the acetamide will solidify and clog the condenser. The 
(‘ompound is solul)le in water, alcohol, and ether. 

The most typical reaction of the acid amides is hydrolysis. 
Acetamide is easily hydrolyzed by boiling it with water in the 
presence of a small amount of acid or alkali. 

O 

^ acid or l)a.«:e 

(:H30--NH3 1- lip -> (UI,(’OOH -1 NH. 

Ac.etamide Acetic acid Ammonia 


Both acids and bases hasten the reaction since they remove one 
or the oilier of the products of the reaction and hence cause the 
j’caction to go to completion. For example, sodium hydroxide 
neutralizes the acid formed by the h 3 ^drolysis. 

Acetamide is finding increasing use as a solv^ent for various 
types of organic compounds. The amides also are convenient 
starting materials for pre])aring amines (see jiage 293). 

Two naturally occurring amides, asparagine and glutamine, 
arc of great importance in the nitrogen metabolism of plants, 
especially in the germinating seed. The structural formulas 
for these two amides are: 


COOH 

Nil—H 

H—C—H 

I 

0=0 

I 

NIT 


Asparagine 

(amide of aspartic acid) 


COOH 

I 

NHs—C—H 
H—C—H 

I 

H~0—H 

I 

c=o 

I 

NH, 

Glutamine 

(amide of glutamic acid) 
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Study Questions 

1. Whaf is the charaeleristic group present in all organic acids? In wliat 
way do organic acids difTer from inorganic acids? In what respect are 
they similar? 

2. What is the general formula for the series of saturated monobasic 
acids? 

3. In what cliemical properties does formic acid differ from oilier acids 
of this homologous series? Illustrate one such difference by an equa¬ 
tion. 

4 . To what commercial uses is formic acid being put? 

5. What are the common name and the I.U.C. name of the characteristic, 
acid of vinegar? 

(>. Describe in some defail the quick vinegar process. 

7. What is glacial acetic acid? From what property did the substance 
derive this name? 

8. What are some of Ihe uses of acetic acid? 

9. What acid is responsible for the odor of rancid butter? 

10. Write an equation to represent the formation of the potassium salt of 
butyric acid. 

11. What are esters? Wliat is the type formula for an ester? 

12. What is meant by an equilibrium constant? Of what significance is 
it in esterific.ation reactions? 

lo. Write an equation illustrating a general method of preparing esters. 

14. What physical properly is common to most esters? 

15. How do the acyl lialides differ from the alkyl halides? IIow does the 
acyl radical differ from ihe carboxyl radical? 

1(). What is tlie acetyl radical? How can acetyl chloride bo used in quan 
titative determinations of the number of hydroxyl groups present in an 
unknown compound'? 

17. What is the type formula for acid anhydrides? Write an equation to 
represent the formation of acetic anhydride. 
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DIBASIC ACIDS 

Introduction. —Organic ac'ids lliat liave two ro])laceable ]iy> 
(Irogeii atoms per molecule are called dibasic or dicarboxyli(‘ 
acids. These acids are found to a greater extent in nature 
than are the saturated monocarboxylic acids. Since they con¬ 
tain two r(?active hydrogens, they are capable of forming two 
series of salts: the acid salts, in which only one of the liydro- 
gens is replaced by a metal; and the normal salts, in which 
both hydi’ogens have been substituted. The fii'st fiv(‘ members 
of t,h(‘ series are list('d in Table XI. 


Fok.mulas a.\u Me 

Taiiui: XJ 

i/riNc OF So.Mi: Sa'I'chai'j 

'.i> Dir A SIP A (IDS 

. 

MET.TIKC POINT. 

NAni: 

FORMULA 

° C. 

Oxalic 

iT()()(’—cx)(>n 

101 

Maloriic 

llOOC- Cll- 

136 



185 


HOOC- (CH,,),- OOOH 

98 


Hooc -((Uij,—(X)oir 

153 

Oxalic Acid, (COOH)o. —Oxalic acid is the first member of 

an homologous seriivs of satui*ated dibasic 

acids. It occurs 

rather extensively 

in the vegetable kingdom. 

especially as the 


salt of potassium or calcium in certain plants, such as sorrel 
(of the oxalis family) and rhubarb. 

The acid formerly was ])re])ared commercially by fusing saw¬ 
dust or shavings, prerera[)ly from soft wood, with sodium or 
potassium hydroxide at a tem]>eratur(‘ of 240^ (h Two ])arts of 
alkali are used to one part of wood for the reaction. The mixture 
is extracted with hot water, and tlie sparingly soluble sodium or 
potassium oxalate crystallizes out on cooling. By treatment 
with lime (calcium hydroxide) insoluble calcium oxalate is 
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formed. Oxalic acid is obtained from the calcium oxalate by 
treatment with sulfuric acid. 

COONa COO. 

I + Ca(OH).. I )Cai + 2 NaOH 

COONa ‘ coo/ 

Sodium Lime Calcium 

oxalate oxalate 


COOv 

1 

+ H,HO, 

COOH 

1 

4 ("aSO.I 

coo/ 

(^OOH 

Calcium 

Sulfurie 

Oxalic 

C'alcium 

oxalate 

acid 

acid 

sidfate 


A widely used commercial method of preparing the acid is 
to heat sodium formate. Sodium oxalate, from which the oxalic 


a(‘id can be obtained by treatment wit 
of this reaction. 

li an acid, is tlie ])roduet 

A 

COONa 

CJOOH 

2 HCOONa 

1 + 2 HCl - 

COONa 

-> 1 + 2 NaCl 

COOH 

Sodium 

Sodium 

Oxalic 

formate 

oxalate 

acid 

Carbohydrates, 

such as sugar and 

starch, yield oxalic acid 


when they are warmed with concentrated nitric acid. 

Oxalic acid can be made by the action of carbon dioxide on 


sodium at 350° C. 

350^ C. COONa HCl .COOH 

2 CO, + 2 Na-> I-> i + 2 NaCl 

COONa COOH 

Carbon Metallic Sodium Oxalic 

dioxide sodium oxalate acid 

Properties, The oxalic acid that crystallizes from water con¬ 
tains two molecules of water of hydration. Prom an acid solu¬ 
tion, however, it crystallizes in the anhydrous form. The hy¬ 
drated acid melts at 101° C., and the anhydrous form melts at 
a higher temperature, 189° C. 

Oxalic acid is a much stronger acid than any of its homologues. 
In fact, in dilute solution (0.05 N), oxalic acid is as strong as 
the same concentration of sulfuric acid. Unlike the other mem¬ 
bers of the homologous series, oxalic acid has no alkyl chain; 
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therefore, some of its reactions are unlike those of the other 
members of the series. It is easily oxidized to carbon dioxide 
and water by potassium permanganate in acid solution. 

5(COOH), + 2KMnO, + 3 H,SO, K,SO, + 2 MnSO, + 10 CO, + 8 H,0 

Oxalic Potassium Sulfuric l^otassium Manganese 

acid perinanganale acid sulfate sulfate 

This type of reaction is used in analytical chemistry for stand¬ 
ardizing oxidizing solutions. If the quantity of oxalic acid or 
one of its salts is weighed carefully, the amount of oxidizing 
substance present in the solution can be determined. 

If the acid is heated in the jiresence of sulfuric acid, carbon 
monoxide, carbon dioxide, and watei* are formed. 


COOH H,SO, 

1 -^ 

CO, + 

CO 

COOH 

Oxalic 

Carbon 

Carbon 

acid 

dioxide 

monoxide 


The calcium salt of oxalic acid is a very insoluble compound. 
This property is utilized in the quantitative procedure for the 
determination of calcium. Since sodium and ammonium oxalates 
are more soluble than oxalic acid itself, solutions of these salts 
are added to the solution containing the calcium compound. 
The insoluble calcium oxalate that forms is separated by filtra¬ 
tion, and then is heated to convert it to calcium oxide. The 
calcium oxide is weighed on a sensitive balance. From the 
amount obtained, the weight of calcium in the sample can be 
calculated. 

Oxalic acid taken internally in any quantity is poisonous. 
The antidote is milk of lime, milk, or any other good source of 
calcium. The toxic oxalic acid is rendered inert by the forma¬ 
tion of the extremely insoluble calcium oxalate. The magnesium 
salt of oxalic acid is almost as insoluble as the calcium salt, and 
milk of magnesia (which contains magnesium hydroxide) also is 
effective as an antidote for oxalic acid poisoning. 

Because oxalic acid is a strong reducing agent, both the acid 
and its salts are used in dry cleaning and laundry work for 
removing rust and some ink stains. The insoluble ferric com- 
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poiuids iirc r(‘(.liU'(Hl io tho inon^ solubJt^ i'eri'oiis sails, whiidi 
can then be removed by washing?. 

Ferrous oxalate is used as a plioto^a’aphic developer, and 
potassium ferric oxalate is used for making- platinum prints in 
photography. The acid and its antimony salts find use as mor¬ 
dants in the dyeing and printing industries. Still another use 
of oxalic acid is as a bleach for lealhei, straw, and wood. 

Malonic Acid, HOOC—CH^—COOH. —M a Ionic acid occurs in 
sugar beets as the calcium salt. 11ie free acid is unsta])le, and 
is of little importance. Usually tlie diethyl estei’ is synthesized 
instead of the acid itself. Tlie dietliyl ester of malonic acid is 
prepared from monocliloroacetic a(‘id and sodium cyanide by 
the hydrolysis of tlie iiitrih* (cyanoaceta-te) in the presence of 
ethyl alcohol. 

cootyi, 

CILCl Nii(^N (Ulf’N CJI.OH IT—C—H 

I -> I * -J—-. I 

COOK COONa H.SO, COGCJI, 


Mouochloroacet ic 
arid 


Sodium 

rymioarefafo 


Dietliyl nialonate, 
malonic ester 


This method of preparation, rather than the formation of the 
acid followed by addition of the ethyl groups, is advisable. 
When free malonic acid is heated in acid solution, it easily loses 
car])on dioxide from one carboxyl group to yield acetic acid. 


(X)OH 

I 

A 



H-C—H 

-> 

CH3COOH + 

co,t 

I 

acid solution 


COOH 




Malonic 


Acetic 

(yurbon 

acid 


acid 

dioxide 


Malonic ester is used widely in organic chemistry for what 
is known as the malonic ester synthesis. The CII 2 gi’oup between 
the two esterified carboxyl groups is known as an active methy¬ 
lene group. The hydrogens in this group react as though they 
were weakly acidic; that is, they can be replaced by metals such 
as sodium. This usually is true when a methylene group occurs 
between the two carbonyl oxygens of a molecule. 
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When one of the hydrogens of the inethylene group is replaced 
by sodium, the resulting derivative can be made to react with an 
alkyl halide. The alkyl group takes the place of the sodium. If 
the malonic ester then is hydrolyzed to the free acid and heated, 
the free acid loses carbon dioxide. This yields an alkyl-substi¬ 
tuted acetic acid. 


COOC,H, COOC,H, 

1 +(CH3),CHI I Kfi 

HCNa-^ HC—CII(CII,)j-> 

I I H,SO, 

COOC,H„ CX)OC,B, 

COOH H H 

I ^ II 

2C,H,OH + HC—CH(CH,), -> CH^—C--C-~-COOH + CO, 

I I I 

COOH CH, H 

2-Methyl butyric acid, 
isopropyl acetic acid 

Such acids as the end product in the foregoing reaction some¬ 
times are known as substituted acetic acids, since one of the 
hydrogen groups in acetic acid lias been substituted by an alkyl 
group. 

By a similar series of reactions, the other hydrogen of the 
inethylene group in malonic ester also can be substituted. Such 
a series of reactions is useful in the synthesis of complex acids. 

Succinic Acid, HOOC(CH2),COOH. —Succinic acid occurs in 
amber, a fossil gum, and was obtained originally by distillation 
of this substance. Tlie name is indicative of this fact, since the 
Latin term for amber is succinum. The acid occurs also in some 
kinds of brown coal, in resins, in turpentine, in normal tissues, 
and in the urine of animals. Small amounts of it are formed 
in the alcoholic fermentation of sugars. 

The acid can be synthesized from ethylene by hydrolysis of 
the corresponding dicyanide. 



CH, CH,C1 +2NaCN CH,CN hydrolysis CH,COOH 

II + Cl, I-, I-, I 

CH, CH,C1 CH,CN OH,COOH 


Ethylene 


Ethylene 

dichloride 


Ethylene 

dicyanide 


Succinic 

acid 
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Ii] c‘uiimx*tion witli this e<{u<itioii, llic student will recall that it 
has been emphasized previously that cyanide (CN) groups arc 
potential carboxyl (COOII) groups. 

Most of the succinic acid of coininerce, liowevcr, is pre|)ared 
1)y the electrolytic reduction of fiiniaric acid. 

HC--C()()H [III H/V-COOH 

II -^ 1 

HOOC™( m I T.C— coo 11 

Fuinaric acid Sufcinic acid 


Succinic acid is characterized by the foi'ination of an anhy¬ 
dride when it is heated alone or with a dehydi-ating agent, such 
as acetic anhydride. 


H..C-(X)OH 

A 


Succinic, acid 


O 


\ 

(.) f- 

/ 

\ 

O 

Succinic anhydride 


H„0 


When the two lower members belonging to the same homologous 
series as succinic acid (oxalic acid and malonic acid) are heated, 
the}^ do not show this characteristic. 

Succinic acid occasionally is used in medicine, and is useful 
iu the perfume and dye industries. 

Glutaric Acid, HOOC(CH,),COOH. —The name of the satu¬ 
rated five-carbon dicarboxylic acid is glutaric acid. It can be 
prepared by the general methods already outlined for the prep¬ 
aration of succinic acid. Like succinic acid, when glutaric acid 
is heated, an anhydride is formed. 

O 

H^C—COOH C — C 

I ^ \ 

HCH H,C O 4 tl^O 

H,i-COOH —(5^ 

H, \ 
o 


Glutaric acid 


Anhydride of 
glutaric acid 
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Adipic Acid, H00C(CH2),C00H. —The six-carbon hom- 
ologue of oxalic acid is known as adipic acid. It was first ob¬ 
tained by the oxidation of fats (Latin: adeps, fat) with nitric* 
acid. Unlike succinic and glutaric acids, adipic acid does not 
readily form an anhydride wJien it is lieated. As wiJl seen 
later (Oha]>ter XIX), ring structures eotilaining five or six 



Fig. 32.—Hanks of nylon filaments, which are many times the diamet(*i 
of the fine yarn that goes into women’s hosiery. This large diameter nylon 
is produced for surgical sutures, fishing leaders, and bristles for tooth¬ 
brushes, liairbrushes, and industrial brushes. (Courtesy of the Du Pont 
Company.) 
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atoms linked together ai*e more easily formed than rings contain¬ 
ing a greater or smaller number of atoms. The anhydrides of suc¬ 
cinic and glutarie acids arc five- and six-membered rings. The 
anhydride of adipic acid contains seven atoms in the ring. 

Adipic acid is much used in the manufacture of synthetic 
resins. It is used also as a substitute for tartaric acid in some 
baking powders. 

The products obtained by the polymerization of polyineth- 
ylene amides of such acids as adipic and sebacic (HOOC(CH 2 ) 8 “ 
(X)OH) are the substances from which synthetic nylons arc 
formed. About 30 such fiber-forming polyamides have been 
synthesized. The most common type and the first produced 
results from the reaction between adii)ic acid and hexamethyl- 
cnediamine. This is called the ^^ 6-6 polymer/’ since there are 
six carbon atoms in each of the reacting molecules. The end 
products have large molecular w^eights, averaging about 12,500, 
and have about 920 units in each chain of the polymer. 

Nylon populaily is associated with its use as a textile fiber 
for full-fashioned hosiery. Filaments of this polyamide can be 
drawn out thinner than any other artificial fiber except glass. 
However, filaments of large diameter have been used success¬ 
fully for brush bristles, surgi(*al sutures, and tennis racket 
strings. Because of the extensive use of nylon in industrial 
brushes, Americ^in industry is no longer dependent on the 
importation of hog Imistles from the Far East. 


Unsaturated Dibasic Acids. —In addition to the saturated 
dicarboxylic acids, there are dicarboxylic acids that contain a 
double bond. The most frequently encountered members of 
this class of compounds are maleic and fumaric acids. 

These acids, in addition to their industrial importance, arc 
of special interest because they illustrate a new type of isomer¬ 
ism. Although both maleic and fumaric acids have the molecu¬ 
lar formula C 4 H 4 O 4 , they differ in their physical and chemical 
properties. 


Fumaric acid 
Maleic 


Melting 

Solubility in 100 cc. 

Anhydride 

point 

of water at 20® C. 

formation 

287" C. 

0.6 g. 

Does not form an 
anhydride 

130*’ Ct 

60,0 g. 

Forme m a»hjrdri(}e 
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Largely on the basis of the fact that maleic acid forms an 
anhydride and that fumarie acid does not, the graphic formulas 
for the two acids are represented as follows: 

HC—COOH HC—OOOH 

II II 

HC—COOH HOOC—CH 

Maleic acid (cis isomer) Fumarie acid (trans isomer) 

The graphic formulas show that in maleic acid the carboxyl 
groups are closer to each other in space than they are in 
fumarie acid. Hence it might be expected that water would 
split out more easily from these two carboxyl groups than 
from those groups in fumarie acid. The experimental results 
bear out this expectation, since only maleic acid forms an 
anhydride. 




I 


IE 


m 


Fig. 33.—I, Tetrahedral formula for ethane, showing possibility of free 
rotation of the carbon atoms. 11, Maleic acid. The presence of the double 
bond, Indicated by the union of the tetrahedra along an edge, prevents free 
rotation of the carbon atoms and gives rise to geometric isomerism. Maleic 
acid is the isomer that forms an anhydride because the carboxyl groups are 
nearer to each other in space than they are in fumarie acid. Ill, Fumarie 
acid, the trans isomer, does not form an anhydride because the carboxyl 
groups are too far removed from each other in space. 


Fumarie and maleic acids illustrate geometric or cis4rans 
isomerism, a kind of isomerism common to all ethylene deriva¬ 
tives. In order to understand more fully the reason for geomet¬ 
ric isomerism, it is necessary to consider a theoretical basis for 
the phenomenon. It was stated earlier that many of the spatial 
relationships of carbon can be represented by the concept of a 
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tetrahedral carbon atom. In this concept the four valences of 
the carbon atom are thought of as being directed outward 
toward the corners of a regular tetrahedron imagined to be 
circumscribed about the carbon atom as its center. 

Two carbon atoms united by a single bond can be represented 
by tetrahedra joined through one corner of each tetrahedron. 
In this situation free rotation can be assumed to take place 
«‘U-ound an axis through the points of attachment of the two 
tetrahedra. This arrangement is represented by Fig. 33, 1. 

In order to represent the union of two carbon atoms by a 
double bond, it is necessary to join the tetrahedra at two cor¬ 
ners, i.e., join them along an edge. When the carbon atoms 
arc combined in this manner, the possibility of free rotation or 
spin is lost. 

Pig. 33, II and III, shows that the carboxyl groups of maleic 
acid are closer to each other in space than are the carboxyl 
groups of fumaric acid. Since there is no possibility of free 
rotation, the positions of the carboxyl gro\ips are fixed; this 
explains the existence of isomeric compounds with different 
chemical and physical characteristics. 

In geometric isomerism the isomer having the two groups 
under consideration (the carboxyl groups in this instance) on 
the same side of the plane established by the double bond is 
known as the cis form. In the trans isomer these groups are on 
opposite sides, or across the plane of the double bond from each 
other. 

A convenient aid to the student in recalling the relative 
positions of the groups in the two isomers is to remember that 
the Latin prefix trans means across. This prefix occurs in such 
common words as transcontinental (across the continent) and 
transport (carry across). 

Fumaric acid. Fumaric acid occurs in nature in fungi and 
in such plants as Iceland moss. Commercially, it is obtained 
chiefly by a fermentation process. 

Fumaric acid is sparingly soluble in water, from which it 
crystallizes as small white needles. On reduction it yields suc¬ 
cinic acid. 
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HC—COOH [H] 

II 

HOOC—CH 
Fumaric acid 


H,C—COOH 

II.C—COOH 
Succinic acid 


If fumaric acid is treated with phosphorus pentachloride, it, 
is converted to maleic anhydride, which in turn can be hydro¬ 
lyzed to form maleic acid. Maleic acid is of greater commercial 
importance than is fumaric acid. 

Maleic acid. Maleic acid does not occur in nature. As was 
mentioned in connection with fumaric acid, maleic acid results 
when fumaric acid is treated with phosphorus pentachloride. 
Industrially, the acid is made by the air oxidation of benzene 
vapor in the presence of catalysts. 

catalysts HC—COOH 

2 C.H, + 9 0,-> 2 II + 4 CO, + 2 H,0 

HC—COOH 

Benzene Maleic 

vapor acid 


This acid is freely soluble in water, and crystallizes in the 
form of large plates. It is a much stronger acid than fumaric, 
as can be shown by a comparison of the ionization constants 
of the two compounds. Fumaric has an ionization constant of 
0.093, while that for maleic acid is 1.17. 

When the acid is heated, the anhydride is formed. 


HC—COOH 

II 

HC—COOH 


Maleic acid 


O 

// 

HC—C 

\ 

O 

/ 

HC—C 


\ 


H,0 


Maleic anhydride 


Like fumaric acid, maleic acid forms succinic acid when it is 
reduced. 

The acid is used in the preparation of ester-type compounds 
known as alkyd resins. Maleic anhydride resins make hard, 
tough, fast-drying lacquers with an excellent color retention. 
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Vaj'iiislies iiuulc witJi resins show a resistaiiee to yel¬ 

lowing, and thus make whiter enamels possible. Jn 1946 the 
j)roduetion of maleic aeid-alk^-d type resins amounted to 
44,896,000 pounds. 

There is some evidence to show that maleic acid retards the 
onset of rancidity in edible fats and oils. 

Study Questions 

1. Give the names of the first five members of the series of saturated 
dibasic acids. 

2. In what respects does oxalic acid ditfer from its homologues? 

3. Why is milk an antidote for oxalic acid poisoning! 

4. How might one remove a rust stain from a piece of white cotton 
fabric ? 

5. By means of a series of equations, show how methylethyl acetic acid 
(a>methylbutyric acid) can be formed using the malonic ester synthesis. 

O. What are some natural sources of succinic acid! 

7. How docs succinic acid react differently when it is heated from oxalic 
and malonic acids? 

S, Write the structural formula for gliitaric anhydride. 

9. Write the structural formula for adipic acid. What is the industrial 
importance of adipic acid and its derivatives? 

10. In what respects do maleic and fumaric acids differ from each other? 

11 . Maleic and fumaric acids exhibit what type of isomerism? 

12 . What is meant by cis and trans isomers? 

13. Of what industrial importance is maleic acid? 
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CHAPTER XI 


SUIJSTITUTEI) ORGANIC ACIDS 

Introduction— The substituted acids are derivatives in which 
one or more of tlie hydrogens in the alkyl group of tlie acid 
have been su])stitutcd by another clement or group. The num¬ 
ber of groups that can be substituted is quite large, but we shall 
consider only three: tlie halogen, the hydroxy, and the keto 
groups. The halogen-substituted acids will be considered first 
because many of tlie other substituted acids can be prepared 
from them. 


Halogen-Substituted Fatty Acids 

The hydrogens in the alkyl group of an acid are similar in 
their reactions to the hydrogens of a hydrocarbon; conse¬ 
quently, as is to be expected, the hydrogens in this alkyl group 
can be replaced by direct halogenation. With chlorine and 
bromine tliis reaction is carried out in the presence of sunlight 
and catalysts, such as I'cd phosphorus, iodine, or sulfur. lodo- 
acetic acod, howcvci*, is jireparcd by the reaction of chloroacetic 
acid and sodium iodide. Only the substituted acids containing 
the halogen on the (‘arbon atom next to the cai’boxyl group, 
termed the alpha (a) carbon atom, can be prepared by the ac¬ 
tion of a free halogen on the acid. The (*hloi’ine-substitutcd 
acids ar(* most commonly encounlered. The halogen deriva¬ 
tives of formic acid have not becni isolated as such, but the 
(‘slers of chloroforinic acid form stable compounds. 

Monohalogen Substituted Acetic Acids. —When one of the 
hydrogens in the hydrocarbon part of acetic acid is substituted 
by chlorine, the compound is known as chloroacetic acid. 

sunlight 

CH,COOH + Cl,-^ ClCH,COOH + HCl 

. la or red 

Acetic Chlorine phosphorus Monochloroacetic Hydrochloric 
acid acid acid 
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Chloroacetie acid is used in the synthesis of indigo and 
malonic ester and in the preparation of glycine, an amino acid. 

The new rat ])oison known as 1080 is monoflnoroacetie acid; 
it is an extreniely poisonous substance. 

Trichloroacetic Acid, CCl.^COOH. —Trichloroacetic acid is 
not usually made by direct reaction with chlorine, but is pre¬ 
pared by the oxidation of chloral Avith nitric acid. 


Cl 

Cl 


1 0 

1 

o 

1 / hno. 

Cl C- () 

1 

Cl- c- 

y 

1 \ 

1 

\ , 

1 H 

i 

OH 

Cl 

Cl 



Chloral Trichloroacetic acid 

Trichloroacetic acid is a hygroscopic solid, melting at 55° C. 
This acid, in Avhich all the hydrogens in the alkyl group have 
been replaced by chlorine, is a very much stronger acid than 
acetic. It is dangerously corrosive to the skin. The difference 
in strength of the two acids can be explained as follows. When 
acetic acid is dissolved in a relatively small quantity of water, 
only a small amount of ionization takes place: that is, the 
hydrogen of the carboxyl group remains largely as part of the 
acetic acid molecule. When the three hydrogens in the alkyl 
group of acetic acid are replaced by chlorine, as in trichloro¬ 
acetic acid, the strongly electronegative chlorine atoms will 
tend to draw electrons toward themselves, and the hydrogen 
of the carboxyl will no longer be held so firmly by the rest of 
the molecule. In effect, this will cause a loosening of the 
and will result in the separation of the when the molecule 
is put into a solvent, such as water. 

Trichloroacetic acid is an important reagent for the precipi¬ 
tation of proteins from solution. In this connection, the acid 
serves both as a qualitative and a quantitative reagent. The 
formation of a precipitate when trichloroacetic acid is added to 
a solution suspected of containing a protein is taken as a posi¬ 
tive test for the presence of proteins. A 10 per cent solution 
of trichloroacetic acid often is used in the quantitative precipi- 
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tatioii or removal oi‘ proteins from a solution. Trichloroacetic 
acid is also used for removing: warts and small p^rowths from 
the skin. 

Chemical Properties of Halogen-Substituted Acids. —The 

halogen-substituted acids undergo three important types of 
reaction. 

1. Replacement tviih the hydroxyl group. The halogen acids 
are useful in the preparation of hydroxy acids. The halogen 
atom is more easily replaced by the hydroxyl group than are the 
halogen atoms of the alkyl halides. 

H,0 

CHy^OOH + AgOH-> C’H^COOH + AgCl 


Chloroacetic (llycolic 

acid lu’id 

2. Replacement with the amino group. With ammonia the 
halogen-substituted acids form amino acids. 

On.,(X)()H ■{ HNH, (^H.OOOH 4 HCl 

i ‘ ■ I ‘ 

01 NH., 

Ohloroacef i<' Aininonia (Jlyciiio 

acid 

3. Replacement with the cyano group. Reaction with sodium 
cyanide leads to the formation of a cyano acid. 

CH.COOH + NaON CH^COOH + NaCl 

il CN 

Chloroacetic Cyanoacctic 

acid acid 

On hydrolysis the cyano acids yield a dibasic acid. This reaction 
was given as a method of preparing malonic ester, and furnishes 
a method of passing from monobasic acids to dibasic acids. 

Hydroxy Acids 

Just as the hydrogens in the alkyl group of acids can be 
substituted by halogens to give halogen-substituted acids, so 
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can the hydrogens in the alkyl group be substituted to give 
hydroxy acids. It is necessary at this point to introduce a new 
system of nomenclature that the student will encounter in the 
naming of the hydroxy] acids. This system uses a Greek letter 
to indicate the position of the hydroxyl group with relation 
to the carboxyl group of the acid. The carbon atoms of the 
acid, beginning with the carbon atom next to the carboxyl 
group, are named by letters of the Greek alphabet. The small 
or lower case Greek letters, and not the capital Greek letters, 
which are familiar in fraternity and sorority names, are used 
for this purpose. The following example illustrates which car¬ 
bon atom is meant by the Greek letters used in this system: 

GH, - CH, CH^ CH,-CII 2 - GOGH 

e 6 7 j8 a 

epsilon delta gamina beta alpha 

Thus, there are alpha, beta, gamma, etc., hydroxy acids. 

General Methods of Synthesis. — 1 . Hydrolysis of the corre¬ 
sponding halogen acid. 

CICH^COOH + HOH -> OH,GOGH + HGl 

OH 

Ghloroacetie Glycolic 

acid acid 

2. Hydrolysis of cyanohydrins. The hydrolysis of the cyano¬ 
hydrins fonned by the reaction of aldehydes and hydrocyanic 
acid gives an hydroxy acid containing one more carbon atom than 
the aldehyde; acetaldehyde under these conditions would yield 
«-hydroxypropionic or lactic acid. 

Dilute acid 

CH 3 —CH—ON + 2H„0-> GH,—CH—GOGH + NH, 

I I 

OH OH 

Acetaldehyde Lactic acid 

cyanohydrin 

Chemical Reactions of the Hydroxy Acids.—Since the hy¬ 
droxy acids contain both the hydroxyl group characteristic of 
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alcohols and the carboxyl group characteristic of acids, they 
would be expected to undergo the types of reaction character¬ 
istic of these two classes of compound. This is found to be 
the case. The carboxyl group forms salts, esters, and amides, 
and the hydrogen of the hydroxyl group can be replaced to 
form ethers. 


CH.COOH 

OH 


CH.COOC.H, 

I 

OH 


CH3COOH 

OC,H, 


Glycolic acid 


Ethyl glycolate Ethyl glycolic acid 

(ester formation) (ether formation) 


A unique situation exists in the case of the hydroxy acids, 
since the hydroxyl group characteristic of alcohols and the 
carboxyl group characteristic of acids are contained in the 
same molecule. Possibilities of new types of ester thus are 
presented. 

1. «-ITydroxy acids, on warming or simply on standing over 
sulfuric acid, form cyclic compounds called laciides. These com¬ 
pounds can be considered as double esters or anhydrides since 
two molecules interact. The hydroxyl group of each combines 
with the carboxyl group of the other. 


O 


OH,™OiH 


HOi—C 

I 


O 

// 

CH,—O—C 


C—iOH 




+ 2H,0 


HiO—CH, 


O 

Glycolic acid Glycolic acid 


C — O — CH, 

// 

O 

Glycolide 
(a lac tide) 


2. On the other hand, ^-hydroxy acids, on warming, easily 
split out water to give unsaturated acids. /?-Hydroxypropionic 
geid yields water and acrylic acid. 

O O 

HOCH,—CH,-~(^0H; X CH,=CH-~d^OH; t H,0 

p-Hydroxypropioni^ Acrylic acid 

acid ' 
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3. In the y-hydroxy acids, the carboxyl group and the hy¬ 
droxyl group are separated by a sufficient distance so that loss 
of water between them gives rise to stable cyclic compounds 
known as lactones. For example, y-hydroxybutyric acid yields 
y-butyrolactone. 

O 0 

/ ^ / 

HOCH„—CH,—CH,—C—on OH, -CH,- -OH,— C + H,0 


7 -Hyflroxybutyric acid 7 -Butyrolactonc 

This type of cyclic structure is known as a furane ring. 

5-Hydroxy acids also yield lactones. 5-Hydroxyvaleric acid, 
on warming, is converted to 5-valorolaetone. This cyclic struc¬ 
ture, with hve carbon atoms and one oxygen atom, is known as 
the pyrane ring. It is the type common to many sugars (see 
page 329). 

O O 

CH,--CH- CUI,- + HjO 


5-Hyclroxyvaleric acid 5-Valerolactone 

The lactones ('an be regarded as inner (‘sters, since they are 
formed by the reaction of an hydroxy and a carboxyl group in 
the some molccuh. Synthetic coconut flavor, y-nonyl lactone, 
is being produced from castor bean oil. 

Glycolic Acid, CH.OHCOOH.— Glycolic acid, a-hydroxy- 
acetic acid, occurs in unripe red grapes, sugar cane, grape 
foliage, and in the leaves of other plants. It can be prepared 
by boiling chloroacctic acid with water. Glycolic acid is a solid 
that is soluble in water, alcohol, and ether. 

The sulfur analog of glycolic acid is named tliioglycolic acid, 
(JlloSHGOOfl. It is used in some depilatories. 

Lactic Acid, CH3CHOHCOOH. —Lactic acid is the a-hydroxy 
derivative of propionic acid. It can be prepared in the labora¬ 
tory by the hydrolysis of the cyanohydrin of acetaldehyde. 
Lactic acid also can be prepared by the hydrolysis of the corre¬ 
sponding a-halogen acid. Most of the lactic acid used in com- 
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merce is produced by fermentation processes. Glucose, or corn 
sugar, obtained by the hydrolysis of corn starch, is heated to 
destroy any microorganisms that might be present, and then 
the sugar is inoculated with a pure culture of lactic acid bac¬ 
teria. The fermentation is carried out at about 50^^ C. to retard 
the formation of butyric acid. 

When the concentration of lactic acid increases beyond a 
certain point, the bacteria are inactivated; therefore, calcium 
or zinc carbonate is added to neutralize the acid as it is formed. 
The free acid is obtained from this sparingly soluble calcium 
salt by treatment with sulfuric acid. 

Molasses also is used for this fermentation process. 

Lactic acid is formed in the souring of milk by the action of 
lactic acid bacteria on lactose, the sugar in milk. Lactic acid 
first was isolated from sour milk by Scheele in 1780. The 
curdling^’ that takes place during the natural souring of 
milk is a result of the formation of lactic acid. One of the pro¬ 
teins of milk, casein, is coagulated by the acid, and forms the 
curds. 

Lactic acid also is produced by the fermentation of lactose 
in whey, a by-product of the cheese industry or of the manu¬ 
facture of casein. 

Uses, Lactic acid is used in the leather industry for dehairing 
hides. It is used as an acidulant in fruit essences, syrups, and 
ice cream. Some formulas for infant feedings contain lactic acid 
as an ingredient. Calcium lactate is used in baking powders 
and in medicine to increase the calcium content of the blood. 
Silver lactate is employed as an antiseptic. Antimony and iron 
lactates are used as mordants in the dyeing of textiles. Lactic 
acid is a constituent of the transparent cast phenolic resins. 
Esters of lactic acid, such as ethyl lactate, are excellent solvents 
for nitrocellulose lacquers. 

Aside from its industrial uses, lactic acid plays a prominent 
role in several natural fermentation processes. The conversion 
of cabbage to sauerkraut involves the action of lactic acid¬ 
forming bacteria. When the concentration of lactic acid be¬ 
comes high enough, further fermentation is inhibited and the 
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acid functions as a preservative. A similar condition exists 
during- the formation of silage. 

Lactic acid is one of the intermediate compounds formed in 
the process by which carbohydrates are converted into energy 
for muscle conli-action (see page 615). This explains why 
lactic acid can be obtained from the press juice of lean meat. 
The acid isolated from this source is known as sarcolactic acid. 
This form of lactic acid differs in one important property from 
the lactic acid present in sour milk: that is, in its effect on 
polarized light. The difCerence between these two forms of lactic 
acid necessitates a discussion of a type of isomerism that we 
have not hitherto encountered. 

Optical Isomerism. —An inspection of the graphic formula 
of lactic acid will reveal a feature that has been absent from 
most of the compounds considered thus far, and, for this rea¬ 
son, has not been pointed out. 

H 

u 

II,G—C—COOH 

I 

OH 

Lactic acid 

The carbon atom marked with an asterisk will be seen to have 
four different groups or atoms attached to it, and is designated 
as an asymmetric carbon atom. asymmetric carbon atom is 
defined as one whose valences are satisfied by four different kinds 
of atoms or groups. 

We can appreciate best the significance of an asymmetric 
carbon atom in a molecule if we return to the concept of the 
carbon atom situated at the center of a regular tetrahedron 
with the valences directed toward the corners. From purely 
geometrical considerations, if we represent the four different 
groups by A, B, C, and D, then there are two, and only two, 
possilile sjiatial arrangements which cannot be superimposed. 
These two arrangements are represented by I and II in Pig. 34. 

It is helpful for the student to manipulate models himself so 
that the three-dimensional space relationships involved will be 
appreciated. He is advised to construct models from corks or 
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from atomic models made by pasting equilateral triangles of 
cardboard together to form regular tetrahedra. 

The two arrangements, or forms (if actual compounds are 
being considered), bear the same relationship to each other as a 
right hand to a left hand. By the use of models, it will be seen 
that the two forms cannot be superimposed. Right and left 



Figr. 34.—Spatial arrangement of groups in optical isomers. Models I 
and II are mirror images of each other and, if three-dimensional models are 
constructed, it is easily demonstrated that they cannot be superimi>osed. 



CH, CH3 

I n 


Pig. 3.5.—Optical isomers of lactic acid. 

hands can be placed together palm to palm, and they will coin¬ 
cide, but one cannot be superimposed on the other and made to 
coincide, A similar situation exists in the case of the two com¬ 
pounds. The two forms are said to be mirror images of each 
other, since the image in a mirror of either form has the struc- 
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ture of tlie other one. The spatial relationship of the groups 
in the two forms of lactic acid are represented by I and II in 
Fig. 35. 

The formulas for the optical isomers of lactic acid that are 
commonly encountered are really modifications of the projec¬ 
tions of the three-dimensional figures on a flat surface. The con¬ 
ventional formulas of the two forms of lactic acid are: 


OH 

I 

C—COOH 

I 

H 

(I) 


H 

I 

B/3—C~-COOn 

I 

OH 

(II) 



I n 

Fig. 36.—Polarizing action on light of Nlcol prisms. In position I the 
prisms are parallel and light passes through both prisms. In position II the 
prisms are at right angles and light polarized by the first prism is screened 
out by the second. 


One fonn of lactic acid is found to rotate plane polarized light 
to the right and is known as the dextro (sometimes abbreviated 
as D or +) form. The other form of lactic acid rotates the plane 
of polarized light exactly the same amount to the left and is 
known as the levo (sometimes abbreviated as l or ~) form. Com¬ 
pounds such as these two forms of lactic acid, which differ from 
each other only in their effect on plane polarized light, are known 
as optical isomers^ optical antipodes^ or enantiomorphic forms. 
Substances that rotate the plane of polarized light are said to be 
optically active, or to po.ssess optical activity. 
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It, is ii(‘(*(‘sstU*>' at, tins point, to (iif»mss foi’ a short (.‘Xjhaiiatioii 
oh what is meant hy polariz(*(l Ji£2:ht. Ordinary light is a form of 
energy ])roj>agated in the form of waves that, are vibrating in 
all planes at right angles to the direetion of propagation. If 
ordinary light is i)assed tiirougli a crystal of calcite, onl}^ two 



F'ig'. 37.—l^olarimeter used for the accurate measurement of the rotfition 
of polarized lif?ht by optically active substances. (Courte.sy of the Bauscli 
L*omb Optical Co.) 



B S A T P C F 


Fig. 38.—Diagram of the essential parts of a polarimeter. See text. 

beams are transmitted. Each of these is vibrating in a plane 
perpendicular to the plane of vibration of the other. A Nicol 
prism is composed of two sections of calcite so cut and cemented 
together that one of the beams is refracted to the side; conse¬ 
quently, the light that passes through it is vibrating only in one 
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plane. Such light is said to be polarized, or since all of its 
vibrations are in one plane, it often is termed plane polarized 
light. 

The polarizing action of a Nicol prism can be demonstrated 
easily by holding two such prisms between a source of light and 
the eye. When the axes of the prisms are in line, or parallel, the 
source of light is visible, but when the axes of the prisms are at 
right angles, the intersection of the two prisms is opaque. This 
is represented diagrammatically in Fig. 36. 

The magnitude of rotation of plane polarized light by an opti¬ 
cally active substance is measured in an instrument known as 
a polarimeter (Fig. 37). The essential parts of the polarimeter 
are shown in Fig. 38. 

2/ is a source of light. Monochromatic light (light of one 
wave length) is required for ])olarimctrie measurements, and 
can be obtained by passing light through a light filter made of a 
special kind of glass that transmits light of only one wave length. 
The source of light also can be an asbestos gauze saturated with 
sodium chloride and heated with a Bunsen burner. The sodium 
flame thus obtained gives })ractically monochromatic light. 

F is a glass light filter, such as is used in the polainmeter 
illustrated in Fig. 37. 

C is a condensing lens to concentrate the light on the polariz¬ 
ing prism. 

P is a fixed Nicol prism for polarizing the light. 

T is the sample tube in which the solution of optically active 
material is placed. 

A is a movable Nicol prism known as the analyzer. 

S is the scale that indicates the amount of rotation of the 
analyzer. 

B represents a system of condensing lenses in the eyepiece for 
focusing on the field produced by the light passing through the 
analyzer. In addition, there is a similar set of lenses (not 
shown) in the upper telescope (Pig. 37) to magnify the small 
divisions on the scale, thus enabling an accurate reading of the 
degrees of rotation. 

To increase the accuracy of the instrument, a small auxiliary 
Nicol prism often is placed at a slight angle to the polarizer. 
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In this case, the field of view in the eyepiece is divided into two 
halves. If the analyzer is set at an angle of 90 degrees to the 
plane of vibrations, that half of the field will be dark. When 
a solution of an optically active substance is placed in the sample 
tube, the dark half will become lighter and the division between 
the two halves will be indistinct. The analyzer is turned then 
until the original condition, obtained with only water in the 
sample tube, is restored. The amount of this rotation is read 
from the scale. 

The amount of rotation of polarized light is dependent on 
several factors: (1) temperature, (2) wave length of light used, 
(3) concentration of the optically active substance in solution, 
and (4) length of the tube containing the solution. The formula 
for expressing the s])ecific rotation of a compound is as follows: 

( a I_ 

D “ 1 c 

[a] specific optical rotation. 

J) = the bright yellow line of the sodium spectrum, 
a = observed rotation in angular degrees. 

1 rr: lengtli of tlic tube in deciiueters. 
c = concent ration in grams per 100 cc. of Holutioii. 

Values for specific rotation afford a means of comi)aring the 
oj:)tical activity of coin])ounds. Particular compounds can be 
identified by their specific rotations, and as we shall see when 
we study the sugars, tlie amount of optically active substance 
present in a solution can be determined quantitatively by the 
magnitude of the optical rotation. 

Sarcolactie acid from muscles is dextrorotatory. The levo- 
rotatory form is obtained when sugar is fermented by BacAllus 
acidi levolactici. 

A mixture of equal amounts of the dextro and Icvo isomers 
has no effect on polarized light. The tendency of the levo form 
to rotate the light to the left is neutralized by the effect of the 
dextro form to rotate the light to the right. Such a mixture is 
known as a racemic mixtiire. 

Lactic acid s^uithesized in the laboratory by the action of 
alkali on a-bromopropionic acid is a racemic mixture (optically 
inactive). Thiis 13 the result of the operation of the law of proba^ 
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bility. Billions of molecules are involved and the probability 
of forming the levo form is just as great as the probability of 
forming the dextro form. 

By our definition of isomerism, dextrolactic and levolactic 
acids are ivsomers. They belong to the group of compounds hav¬ 
ing the type of isomerism termed stereoisomerism. The ty]>es 
of isomerism thus far encountered can be outlined as follows: 

A. Chain or nuclear isomerism. Involves branching of the 
carbon chain, as in the isomeric pentanes. 

B. Position isomerism. Due to the position of a particular 
group in the molecule, as in normal and isopro})yl alcoliol. 

C. Stereoisomerism. Due to differences in spatial relation¬ 
ships. 

1. Geometric isomerism. Cis and trans isomers, which 
differ in ])hysical and chemical properties, as in maleic 
and fiimaric acids. 

2. Optical isomerism. Isomers named dextiu and levo; 
same properties except effect on plane polarized light. 

Malic Acid. —The most important monohydroxy derivative 
of a dicarboxylic acid is malic acid, which also can be termed 
monohydroxysuecinic acid. 

COOH 

HCOH 

I 

HCH 

I 

COOH 
Malic acid 

Malic acid was discovered by Scheele in 1785 in unripe goose¬ 
berries. It is the cliief acid of sour apides, from which source 
it derives its name (Latin malum, a])j>le). It occurs also in 
cherries, rhubarb stalks, and the sap of the sugar maple. When 
this saj) is evaporated during the manufacture of maple syrup, 
the calcium salt of malic acid separates out and forms the 
‘^sand” that colle<ds in the vats. It is a by-product in the 
manufacture of a])ple syrup (''apple honey’’), a hygroscopic 
agent added to cigarettes. Mountain ash berries also can serve 
as a source of malic acid. 
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It will be noted Iruin tlie lornuila that malic acid, like lactic 
acid, contains an asymmetric carbon atom, and is, therefore, 
optically active. It exists in three modifications: dcxtrornalic 
acid, Icvomalic acid, ajid an o])tica]ly inactive racemic mixture. 
The acid obtained from natural sources is the levo form. Its prin¬ 
cipal importance is its occurTence in the above-mentioned fruits. 

Tartaric Acid. — Tartaric acid, dihydroxysuccinic acid, can 
exist in four distinct forms. This is possible because it con¬ 
tains two asymmetric carbon atoms, both of which have linked 
to them the same set of four different groups. 


COOH 

I 

HCOH 

Hoin 

COOH 


COOH 

I 

HOCH 

I 

HCOH 

I 

COOH 


Equal molecular 
mixture of the 
dextro and levo 
forms 


COOH 

I 

HCOH 

I 

HCOH 

COOH 


Dextro tartaric' 
acid 
(active) 


I^evotartaric 

acid 

(active) 


Kacemic 

mixture 

(inactive) 


Mesotartaric 

acid 

(inactive) 


The classical investigations of Pasteur on the separation of 
the salts of tartaric acid were instrumental in leading to the 
theory of stereoisomerism. In 1848, when Pasteur w^as search¬ 
ing for an explanation of the optical inactivity of racemic acid, 
he observed that crystals of sodium ammonium tartrate that 
had formed below 27° C. were of two kinds. These crystals 
bore the relation to each other of object to image, or as the 
right hand to the left hand. His keen curiosity is indicative 
of his greatness as a scientist, for he laboriously separated the 
two kinds of crystal with the aid of tweezers and a hand lens. 
To his delight, he found that when one of the piles of crystals 
was dissolved in water, polarized light was rotated to the right, 
while a solution of the other kind of crystals rotated polarized 
light an equal amount to the left. He thus discovered Ievo« 
tartaric acid, the dextro form having been known before that 
time. Thus, the reason for the optical inactivity of the racemic 
acid was explained. 

Pasteur found that by heating cinchonine D-tartaric acid, a 
derivative of tartaric acid, an inactive form of the acid, from 
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which an active form could not be obtained, was produced. Tlie 
reason for tJie inactivity of this t*orm. termed rnesotartaric acid, 
was not explained in Pasteur’s time. During the next quarter 
of a century, tlie speculations and iiyf)Otheses of scientists re¬ 
sulted in the tetrahedral concept of the asymmetric carbon atom. 
This theory was proposed in 1874 by both vanT Hoff and LeBel, 
working independently. The tetraliedral concept of the cai-bon 
atom already has been discussed in connection with the opti(*al 
activity of lactic* acid (svv ])a^‘e 24S). 

Since the two asymmetric (*ai‘])on atoms in tartaric acid have 
the same groups attached to them, they will affect plane polarized 
light in the saim^ way, and thus there are three possible arrange¬ 
ments for the asymmetric carbon atoms. 


+ A 

- A 

+ A 

+ A 

- A 

- A 

clextro 

levo 

B\eso 


In these examples, A represents an asymmetric carbon atom 
and the signs represent the direction of rotation of polarized 
light by this iiarticular carbon atom. Hence, in the lii'st case, 
the effect on plane polarized light of one asymmetric carbon atom 
will be enforced by th(‘ other. A similar situation exists in the 
second case, the difference being that the asymmetric carbon 
atoms are mirror images of the first case; hence, the rotation is 
in the opposite direction. In the third case, one asymmetric 
carbon atom rotates ])olarizcd light to the right, and the other 
rotates it to the left. Since these effects are exactly equal, there 
is no observable effect on imlarized light. This is the situation 
existing in rnesotartaric acid. Mesotartaric acid is said to be 
inactive due to internal compensation. 

Methods of Resolution. —The separation of a racemic mix¬ 
ture into its optically active eon)ponents is known as resolution. 
The methods of resolving a racemic mixture are important, espe¬ 
cially in the preparation of pharmaceutical compounds, since in 
a number of instances life processes can utilize only one of the 
two optically active isomers. For example, n-lactic acid is com¬ 
pletely utilized by higher animals, while r.-lactic acid is almost 
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completely excreted. There are three principal methods of 
resolution. 

1. Mechanical. This was the method first used by Pasteur. 
It is applicable only to the cases in which large, well-defined 
crystals of the dextro and levo types are formed. Such crystals 
result when sodium ammonium tartrate is crystallized below 
27^^ C. 

In some cases, however, the dextro and levo isomers form a 
molecular compound, which consequently gives only one form of 
crystal. In such a case, obviously it is impossible to separate 
the two forms by hand-picking. Such combinations are known 
as racemates or racemic compounds. At relatively high tempera¬ 
tures dextrotartaric and levotartaric acids form a racemate, the 
melting point of which is 206° C. 

2. Biological. The second method of obtaining optically active 
forms from an optically inactive racemic mixture depends on the 
fact that certain fungi and molds growing in a racemic mixture 
feed preferentially on one of the two optically active forms, 
leaving the other unchanged. It is thus possible to obtain the 
unconsumed form in the optically pure state. For example, 
when the mold, Penicillium glaucum, is grown in a solution of the 
racemic mixture of a salt of tartaric acid, it consumes the dextro 
form and leaves the levo form. A disadvantage of this method 
is that it allows for the separation of only one form, and this is 
very often the one that does not occur naturally. 

3 . Chemical, The method used most frequently for the sepa¬ 
ration of optically active isomers from a racemic mixture is the 
chemical one. If an optically active base, such as L-cinchonine, 
is added to a solution of racemic tartaric acid, two kinds of 
salts are formed: D-tartaric-L-cinchonine and L-tartaric-L-cincho- 
nine. These salts are not mirror images of each other, because 
L-einchonine is present in each; hence they have different proper¬ 
ties, such as solubility. The u-tartaric-L-cinchonine salt is the 
least soluble, and, on evaporation of a solution, crystallizes out 
first. When the two sailts have been separated by repeated 
crystallizations, the L-cinchonine can be hydrolyzed off by the 
action of dilute acid or alkali; and pure D-tartaric acid can be 
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obtained from one fraction, and pure L-tartaric acid from the 
other. This process of resolution also was introduced by Pasteur. 

Bacemization. —The process of racemization is the opposite of 
resolution. In most instances this change from the optically 
active to the optically inactive form is undesirable from the 
standpoint of utilization of the compound by living cells. Thus 
it is important to know how to avoid a loss of optical activity. 
Bacemization occurs most rapidly in the presence of hydroxyl 
ions. Often, heating with water for long periods of time will 
result in the formation of a racemic mixture. 

Dextrotartaric Acid. —The four forms of tartaric acid have 
been discussed at some length because of their importance in 
illustrating the theory of optical activity. The only form that 
is used commercially is dextrotartaric acid. It is distributed 
widely in nature, being present in sumac berries, cucumbers, 
and pineapple. It constitutes 40 per cent of the total acids of 
Concord grapes. 

The principal commercial source of dextrotartaric acid is 
the wine industry, of which it is a by-product. When grape 
juice ferments in the manufacture of wine, the acid potassium 
salt of tartaric acid settles out as a result of its low solubility 
in dilute alcohol. The crude deposit in the wine cask is known 
as lees. These lees are recrystallized once to give a product 
called argol, or crude tartar. A precipitate of argol often sepa¬ 
rates from unfermented grape juice that has been concentrated. 
The pure potassium acid tartrate obtained by the further puri¬ 
fication of argol is known as cream of tartar, 

Dextrotartaric acid can be prepared from the crude argol or 
from cream of tartar by first treating it with milk of lime to 
form the calcium salt. Then the free acid is liberated from the 
calcium salt by treatment with sulfuric acid, and is purified by 
recrystallization. Tartaric acid is a solid, readily soluble in 
water and alcohol, with a melting point of 170° C. 

Potassium acid tartrate is mixed with sodium bicarbonate 
(baking soda) in the cream of tartar type of baking powder. 
These active ingredients are diluted with starch, which also aids 
in keeping the mixture dry. When water is added, the acid 
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group of the tartrate becomes active and liberates carbon dioxide 
from the baking soda. The carbon dioxide acts as the leavening 
agent. 


COOH 

I 

HCOH 

I 

HOCH 

I 

COOK 


+ NaHCO, 


HP + CO, + 


COONa 

I 

HCOH 

I 

HOCH 

I 

COOK 


Potassium acid 
tartrate 


Sodium 

bicarbonate 


Rochelle 

salt 


Sodium potassium tartrate, or Rochelle salt, is used as a 
purgative in Seidlitz powders, in which it is mixed with sodium 
bicarbonate and free tartaric acid. 


Rochelle salt also is a component of Fehling’s solution. Its 
function is to form a soluble copper compound that prevents 
precipitation of copper hydroxide, and yet furnishes a sufficient 
quantity of copper ions for the reaction. The complex salt 
formed is deep blue in color, and probably has the following 
formula: 


H 


Cu 




o—c- 


\o- 


H 


o 

// 

-C~0~Na 

~C-0--K 

\ 


Potassium Antimonyltartrate, Tartar Emetic.— 

CH (OH) COOK 
jH(OH)COO(8bO) 

Tartar emetic is used in medicine in the treatment of parasitic 
diseases. It is employed also as a mordant in dyeing. 

Citric Acid.— 

HjCCOOH 

I 

HOCCOOH 

HjcIlCOOH 
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Citric acid is a monohydroxytricarboxylic acid. It is not re¬ 
lated in structure to any of the common simple acids. It is one 
of the most widely distributed organic acids in the plant king¬ 
dom, It is found in highest concentration in citrus fruits, but 
it is present also in many other fruits, such as currants, rasp¬ 
berries, cranberries, and strawberries. Citric acid accounts for 
over 80 per cent of the organic acids in pineapple. 

The acid is prepared chiefly in Italy and California from 
inferior lemons, which contain from 5 to 6 per cent of it. The 
citric acid in the press juice is precipitated as the insoluble 
calcium salt, and the free acid subsequently is obtained by 
treatment of tlie salt with sulfuric acid. In Hawaii the acid 
is prepared from waste in the pinea]q)lc canneries. 

A large part of the citric acid used for industrial ])ur])oses 
is produced by the fermentation of sugars by certain molds, 
such as Citromycctes. About 26,()()(),0()0 pounds of this acid are 
produced annually by the citrus and fermentation industries. 

Citric acid is a solid, very soluble in water and alcohol. It 
is used for the preparation of synthetic lemonade, and is the 
organic acid most widely used in the manufacture of soft drinks. 
It finds use as a mordant in cotton textile printing. 

Salts of citric acid. Magnesium citrate, mixed with sodium 
bicarbonate and sugar ('^citrate of magnesiumis sold as a 
mild laxative. 

Sodium citrate is used to prevent the coagulation of blood. 
Often when blood is obtained for the quantitative determination 
of calcium and phosphorus, as in balance studies on dairy cattle, 
it is desirable to secure a sample of whole blood. The added 
citric acid salt prevents the formation of a clot. Small amounts 
of sodium citrate (3 to 5 g. per liter) are being used to prevent 
the clotting of blood in '‘blood banks.’* 

Ferric ammonium citrate is one of the compounds used in 
making blueprint paper. 


Ketonic Acids 

Pyruvic Acid, GH3COCOOH. —Pyruvic acid is the simplest 
ketonic acid. It also can be designated as a-ketopropionic acid. 
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It is prepared by the distillation of tartaric acid with potas¬ 
sium bisulfate. It is a liquid with a pungent odor and a boil¬ 
ing point of 165° C. Pyruvic acid contains both a ketone and 
a carboxyl group, and therefore gives the reactions typical of 
these groups. The carboxyl group forms salts and esters, while 
the ketone group reacts with carbonyl reagents, for example, 
with hydroxyl amine, to give the oxime. 

Pyruvic acid is of interest because it is one of the intermedi¬ 
ate products of the oxidation of glucose in the body (see page 
614). 

Acetoacetic Acid, CH3COCH2COOH. —Acetoacetic acid is a 
representative of the /?-kctonic acids. It is one of the ketone 
bodies’^ present in the urine of persons suffering from diabetes 
mellitus. The acetoacetic acid easily decomposes to form 
acetone. This is the source of the acetone sometimes present 
in the breath and in the urine of diabetic patients. 

CIIaCOCH.COOH CH,COCH, + CO, 

Acetoacetic acid Acetone 

Acetoacetic ester, more properly called ethyl acetoacetate, is 
a more important compound than the acid itself. This ester, 
the Grignard reagents, and the malonic ester are the three most 
frequently used reagents in synthetic organic chemistry. 
Acetoacetic ester is prepared by the action of metallic sodium 
on ethyl acetate in the presence of 2 to 3 per cent of ethyl 
alcohol. 

Na 

CH,OOOC,Hb -h CH„COOC,H,-> CH,COCH,COOC,H, + C,H,OH 

Ethyl acetate C^HgOH Acetoacetic Ethyl alcohol 

ester 

The reaction takes place in several steps. Prom the standpoint 
of the end products, the reaction can be considered as an aldol 
condensation between two molecules of ethyl acetate. For a 
discussion of the mechanism of the reaction the student should 
consult an advanced textbook of organic chemistry.* 

•Karrer, P.: Organic Chemistry, New York, 1938, Nordemann Publishing 
Co., Inc., page 240. 
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Acetoacetic ester has some peculiar properties that puzzled 
scientists for years, and were the subject of many investiga¬ 
tions. The usual reactions of a ketone group, such as reactions 
with hydrocyanic acid, hydroxylamine, and sodium bisulfite, 
are given by acetoacetic ester, as would be expected. In addi¬ 
tion, it gives reactions characteristic of an hydroxy group. 
These reactions include (1) the formation of a compound with 
metallic sodium similar to the compounds formed from alcohols 
and sodium; and (2) the production of a deep red color with 
ferric chloride, a result given also by hydroxy compounds 
known as phenols, which we shall discuss later. 

No one formula could be assigned that would explain satis¬ 
factorily these two types of reaction, and the explanation was 
proposed that acetoacetic ester existed simultaneously in two 
forms. Later researches proved this to be true. One of the 
hydrogens of the active methylene group can shift to the 
carbonyl group, giving a hydroxyl group, and at the same time 
forming a double bond. 

H 

O j O 

/ I / 

CH,C—C—C 

j 

H 

Keto form 

Careful experimental work has demonstrated that, at room 
temperatures, acetoacetic ester consists of an equilibrium mix¬ 
ture containing about 8 per cent of the hydroxy (enol) form 
and 92 per cent of the keto form. If a reagent is added that 
reacts with one form, more of this form will be generated by 
intramolecular rearrangement, which maintains the equilibrium 
condition. 

Acetoacetic ester illustrates what is sometimes termed dynamic 
isomerism. More often, however, this type of isomerism, in 
which a compound passes back and forth from one structural 
form to another, is known as tautomerism. 

Reactions of acetoacetic ester. Acetoacetic ester is used for 
the synthesis of substituted acids and ketones. The sodium de- 


OH 

I O 
?=± CHgd^c—(/ 

I 

Enol form 
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rivative of the enol form is used for the syntheses. It results 
from the action of sodium on the ester. This sodium derivative 
reacts with alkyl halides to yield compounds in which the alkyl 
g^roup is attached directly to carbon, and not, as might be 
expected, to oxygen. 

ONa ONa H 

I I I 

CH,C=rCHCOOC2H, + aHJ -> CH3C — C—COOC..H, 

I I 

I C3H, 

Sodium derivative Ethyl 
of aeetoacctic ester iodide 


O H 




CH^O-C-COOC^H, + Nal 

C3H5 

Ethyl 

acctoacetie ester 


The second hydrogen on the methylene group can be replaced 
with an alkyl group by a similar series of reactions to give ethyl 
methyl acetoacetic ester. 


CH. 

0 I 

CH,(/^^COOC,H, 

in. 

Ethyl methyl acetoacetic ester 


Two types of compounds can be obtained from these alkylated 
acetoacetic esters, depending upon the conditions of hydrolysis. 

1. When the alkyl-substituted acetoacetic ester is hydrolyzed 
with 40 to 50 per cent potassium hydroxide, substituted acetic 
acids are formed; hence this type of hydrolysis is known as acid 
hydrolysis. 


1 



0 

1 


/i 

1 

50 % KOH 

CH,C- 

C—COO 

1 

CH, 

C,H.-» 

Adds: HO 

H H 

OH'" 


Ethyl methyl 
acetoacetic ester 
(reacting with water) 


H 


—C—COOH -f CH3COOH + C^n^OH 
CH, 


Methyl ethyl Acetic Ethyl 

acetic acid acid alcohol 


The dotted lines are to indicate where the molecule splits and 
where the elements of water add during the hydrolysis. 

If only one hydrogen of the methylene group of acetoacetic 
ester is substituted by an alkyl group, hydrolysis by concen- 
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trated alkali yields a monosubstitutcd acetic acid having the type 
formula HgC—COOH. When both hydrogens are substituted, a 

E 

disubstituted acetic acid is formed on hydro!vsis. These acids 

R 

1 

lave the type formula II—C—COOJI. The methyl ethyl acetic 

I 

R' 

acid produced in the aliove reaction is an example of a disubsti¬ 
tuted acetic acid. 

2. Hydrolysis with dilute acids or alkalies yields an alkyl- 
substituted ketone. Because of the type of compound obtained, 
this type of hydrolysis usually is referred to as keione hydrolysis. 


c,n. 
0 1 

/ 1 1 
OH,(: — C — 

1 

CH, 

(X)0 

dilute a<’id 
nr alkali 
-^ 

Adds": H“ 

iOH 


Ethyl methyl 
acetoacetic ester 
(reacting with water) 




C.H. 

0| 

I 

-H f CO, ) c:h,oh 

CH, 


Methyl isobutyl Ethyl 
ketone alcohol 


By means of the ketonic hydrolysis, it is possible to synthesize 
monosubstitutcd ketones of the type formula : 


H 


.cu, 

i 


or disubstituted ketones: 


CH 


o K 

.IXn. 

\ 


Prom these reactions it can be seen that acetoacetic ester is 
an exceedingly valuable compound for a wide variety of chem¬ 
ical syntheses. 
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Industrially it is used for the preparation of antipyrine, a 
compound that reduces fever, and for acetoanilide, a dye inter¬ 
mediate. 

Study Questions 

1 . How might the substituted acids be defined? 

2 . What is the explanation for the fact that trichloroacetic acid is a much 
stronger acid than acetic acid? Write the formula for trichloroacetic 
acid. Name a use of this compound. 

8 . Using different substituting atoms and groups, demonstrate the opera¬ 
tion of the system that uses Greek letters to locate the position of the 
substituted group. 

4. What are lactims? Show an equation for the formation of a lactim 
from lactic acid. How do lactims differ from lactones^ What prop¬ 
erty of the hydroxy-substituted acids makes possible the formation of 
these two structures? 

5. Distinguish between a furane ring and a pyrane ring. 

(). Why can the lactones be regarded as inner esters? 

7. How do you explain chemically the formation of curds in sour milk? 

8 . What are some industrial uses of lactic acid and its salts? 

9. Of what biological significance is lactic acid? 

10 . Define an asymmetric carbon atom. What physical property does it 
bestow upon compounds that possess such an arrangement? 

11. What is polarized light? How can it be obtained? 

12 . What are antipodes or enantiornorphic forms? 

13. How do you explain the fact that lactic acid as synthesized in the 
laboratory is a racemic mixture? 

14. Dextrolactic and levolactic acids illustrate what type of isomerism? 
Give examples of the types of isomerism encountered thus far. 

15. Write the graphic formula for malic acid, indicating the asymmetric 
carbon atom with an asterisk. 

16. Write structural formulas for the four possible forms in which tartaric 
acid can exist. 

17. How did Pasteur discover L-tartaric acid? 

18. How do you explain the fact that mesotartaric acid is optically in¬ 
active despite the fact that it contains two asymmetric carbon atoms? 

19. Describe the three possible methods of resolving a racemic mixture. 

20. What is meant by racemizaiion? 

21 . Prom what is tartaric acid made commercially? What is an important 
use of the potassium salt of tartaric acid? 
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CHAPTER XII 


LIPIDS 

Definition. —The class of compounds known as lipids consti¬ 
tutes a part of the tissues of plants and animals, and takes part 
in the normal chemical reactions of living things. Just as the 
term trees includes many subdivisions, so the term lipid also is 
capable of a number of subdivisions. In general, however, 
lipids can be defined as substances insoluble in water; soluble in 
the fat solvents, such as ether, chloroform, and carbon tetra¬ 
chloride; and related to fatty acids as esters, actual or potential. 
That is to say, lipids actually are fatty acid esters, or they are 
compounds capable of taking part in the formation of esters. 
The classification of the lipids will help to clarify this point. 

Classification. —The classification of the lipids proposed by 
Dr. W. R Bloor is as follows: 

1. Simple lipids—esters of the fatty acids with various alcohols 

a. Fats and oils—glyceryl esters of fatty acids 

b. Waxes—esters of fatty acids with high molecular weight 
monoatomic alcohols 

2. Compound lipids—esters of fatty acids that contain groups 
in addition to alcohol and fatty acids 

a. Phospholipids—substituted fats containing phosphoric 
acid and a nitrogenous base: lecithins, cephalins, sphin¬ 
gomyelins 

b. Galactolipids—compounds of the fatty acids with a car¬ 
bohydrate ; they also contain nitrogen, but no phosphoric 
acid: kerasin, phrenosin, nervon, and oxynervon 

3. Derived lipids—^substances that are derived from the simple 
and compound lipids by hydrolysis, and that are soluble in 
the fat solvents 

a. Sterols—high molecular weight cyclic alcohols 

b. Free fatty acids 
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Simple Lipids 

Fats and Oils.—The fats and oils are the simplest class of 
lipid. They are all esters formed from the triatomic alcohol, 
glycerol, and fatty acids. Fats and oils are the same type of 
chemical compound; however, at ordinary room temperature 
(20° C.) those that are solids generally are referred to as fats, 
whereas those that are liquids are called oils.* 

Fats and oils occur abundantly in nature. Edible nuts con¬ 
tain high percentages of fat; for example, almonds contain 55 
per cent; Brazil nuts, 66 per cent; and walnuts, 64 per cent fat. 
Some fruits also have a high content of fat; avocados and 
olives are both approximately 20 per cent fat. Cereals, such 
as wheat, corn, and rye, have fat deposited in the seed embryo. 
Many plant seeds, such as cottonseed, poppyseed, and soybean, 
contain high percentages of oil and serve as commercial sources 
of oils. 

Fats are an excellent source of food from an energy stand- 
point. They supply 0 (Calories per gi*ain, ap])roxima1e]y twi('e 
as many Calories per gram as proteins or carbohydrates supply. 
In the animal body, fats serve as a reserve food. Body fat is 
stored as a layer under the skin, and around the organs in the 
abdominal cavity. Some is interspersed in muscular tissue. In 
addition to serving as a reserve food supply, fat in the animal 
body acts in some instances as a protective padding. Organs 
covered with fat are thus protected against blows and bruises. 
Since fat is a poor conductor of heat, it serves as insulation 
against cold (loss of body heat). 

Everyone is familiar with such edible fats as butter, lard, 
fat meat, hydrogenated shortenings, and cooking oils. In ad¬ 
dition to serving as an important class of foodstuffs, fats and 
oils play a part in many industrial processes, such as the manu¬ 
facture of ointments and creams, paint and varnish industries, 
soap manufacture, candlemaking, food preservation, and as a 
source of glycerol. Neatsfoot oil is obtained from the skin, 
bones, and feet of cattle (exclusive of hoofs). The first quality 

•These oils are not to be confused with mineral and lubricating oils, 
which are pure hydrocarbons and not esters. Essential oils also are not fats. 
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oil is used for lubricating watches and fine machinery. The 
second grade oil is used in the textile and leather industries. 

All fats and oils are either simple or mixed glyceryl esters 
of fatty acids. Trii)almitin can be taken as an example of a 
1y])ical fat. Its slnictural formula is shown below: 

O 

cn—o— 


O 

I / 

CH —O—C—C„H„ 

I 

o 

c;h,— o—c— 

Tripalmitin 

Tripalmitin is an example of a simple glyceride, since all the 
fatty acids linked to the glycerol molecule are the same (palmitic 
acid). It is probable that most fats in nature are mixed, rather 
than simple, glycerides. That is to say, the glycerol molecule is 
usually esterified with two, or even three, different kinds of 
fatty acid. 

Since all the fats are derivatives of glycerol, their names can 
be prefaced with the word glyceryl. Thus, the foregoing simple 
fat can be called glyceryl tripalmitate. However, in common 
usage the glyceryl pait of the name is dropped, and the ate 
suffix is changed to in, as in tripalmitin; or even more simply, 
palmitin. 

Hydrolysis of Fats.—Tlie hydrolysis of fats to free fatty 
acids and glycerol can be accomplished by superheated steam 
alone, or more easily by the use of acid, certain enzymes, or 
alkali. 


O 


CH,—0— 

1 

0 

on,OH 


CH _o— 

hydrolysis I 

-> CHOfl + 

3 C,.H,,COOH 

0 

// 

j 

CH,OH 


CH.-0—C—C„H., 

Tripalmitin 

Glycerol 

Palmitic acid 
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Hydrolysis catalyzed by strong acids is employed in the manu¬ 
facture of the free fatty acids. The diet of most animals con¬ 
sists partially of fats, which are hydrolyzed by an enzyme 
lipase, present in the digestive tract. The hydrolysis of fats, 
using an alkali, is called saponification, and is the reaction used 
in the manufacture of soap. (See page 276.) 

Fatty Acid Constituents.—With the exception of isovaleric 
acid, only the normal fatty acids containing an even number of 
carbon atoms are constituents of natural fats. The reason for 
this fact has not been established. Table XII shows the system 
used for classifying the fatty acids and cites some typical sources 
of the different esters. 

Of the saturated acids, palmitic and stearic occur most abun¬ 
dantly. These two acids occur in practically all animal and 
vegetable fats. They are obtained by the hydrolysis of such 
fats as tallow, lard, coconut oil, and palm oil, are sold under the 
name stearin, and are used for candlemaking. Some wax or 
paraffin is added to a mixture of the acids to prevent crystalli¬ 
zation before the mass is molded into candles. The free acids, 
rather than the glyceryl esters, are used in making candles, for 
the esters would decompose to yield glycerol, which upon being 
heated would break down to the vile-smelling aldehyde, acrolein 
(CH^^CH—CHO). 

Of the unsaturated fatty acids containing one double bond, 
oleic acid occurs most abundantly. Along with palmitic and 
stearic acids, it is present in almost all animal and vegetable fats. 
In liquid vegetable oils it accounts for 20 per cent or more of 
the total fatty acid constituents. 

Chaulmoogric and hydrocarpic acids are cyclic fatty acids 
that occur in chaulmoogra oil. 

CH 

dn \;h—CH,(CH,),.— cooH 

<!h,— in, 

Chaulmoogric acid 

The oil has been found effective in the treatment of leprosy. 
This dreaded disease, caused by Mycobacterium leprae, has at¬ 
tracted attention from the earliest times in history. Frequent 
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Table XII 


Classification of Fatty Acids 


SERIES 

FATTY number 

ACID ^ ATOMS OCCURRENCE 

IN MOLECULE 

Saturated (CnHjn+iCOOH) 

Fatty Acids 

Butyric 

4 

Butter fat 


Isovaleric 

5 

Dolphin and porpoise oil 


Caproic 

6 

Coconut and palm kernel 
oil, butter fat 


Caprylic 

8 

Coconut and palm kernel 
oil, butter fat 


Capric 

10 

Coconut and palm kernel 
oil, butter fat 


* Laurie 

12 

Coconut oil, babassu ker¬ 
nel oil 


*Myristic 

14 

Nutmeg oil, (74 per 
cent), myrtle wax, co¬ 
conut and palm kernel 
oil 


*2^almitic 

16 

Palm oil, animal and 
vegetable fats 


* Stearic 

18 

Cacao butter, most solid 
plant and animal fats 


Aracliidic. 

20 

Peanut oil 


Lignoceric 

(isomers) 

24 

Pisang wax, carnauba 
wax 


Cerotic 

26 

Beeswax, carnauba wax 


Melissic 

30 

Many waxes 

Unsaturated Fatty Acids 

Oleic acid series 

Tiglic 

5 

Croton oil 

(0„H,„.,COOH) 

(one double bond) 

*01eic 

18 

Very widely found, olive 
oil a rich source 

Linoleic acid series 
(C„H,,.,COOH) 

* Linoleic 

18 

Vegetable oils, such as 
linseed and cottonseed 

(two double bonds) 

Linolenic acid series 
(C,H„.,COOH) 

*Linolenic 

18 

Linseed oil, soybean oil, 
sunflower oil, tung oil 

(three double bonds) Elaeostearic 
Unsaturated Hydroxy Acids 

18 

Chinese wood oil, tung oil 


Ricinoleic 

18 

Forms over 80 per cent 


(C„H„(OH)- 

-COOH) of the total acids in 
castor oil 

Cyclic Acids 


Hydnocarpic 

16 

Chaulmoogra oil 


Chaulmoogric 

18 

Chaulraoogra oil 


♦The starred acids are those most widely distributed in nature. 
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references to it are made in the Bible. Even today it is not un¬ 
common throughout Asia, parts of Africa, the Hawaiian and 
Philippine Islands, and in scattered sections of the United States. 

The use of chaulmoogra oil for the treatment of leprosy de¬ 
veloped from observations that natives in the Par East who were 
afficted with the disease obtained relief by rubbing their wounds 
with the oil. About 1918, Dr. Rogers, a British surgeon in India, 
converted chaulmoogra oil to the corresponding soap by treat¬ 
ment with sodium hydroxide. He found that in aqueous solu¬ 
tion this soap gave more satisfactory results when injected than 
hitherto had been obtained b.y any other treatment. 

About the same time, Dr. Dean, then head of the chemistry 
department at the University of Hawaii, found that a very 
effective substance for treating leprosy could be made by 
heating chaulmoogra oil with alcohol and a little sulfuric acid. 
This ester proved to be a better substance for the treatment of 
the disease than the oil, and it has been administered intra¬ 
muscularly with some success. 

Rancidity. —Rancidity in fats is of two different kinds, oxi¬ 
dative and hydrolytic. Hydrolytic rancidity is the result of 
the hydrolysis of the glycerides with the liberation of free fatty 
acids. This type of rancidity is caused by the presence of 
lipases or microorganisms. Since the fatty acids of high 
molecular weight are tasteless, this kind of rancidity is notice¬ 
able only in fats containing the low molecular weight fatty 
acids, such as butter and coconut oil. In butter, 10 to 13.6 per 
cent of the fatty acids are of the volatile (short chain) type. 

The other type of rancidity is due to oxidation of the fats by 
atmospheric oxygen. The saturated fatty acids are not oxi¬ 
dized by contact with the air, but the unsaturated fatty acids 
are the ones attacked. The first step probably is the fonnation 
of peroxides at the double bonds. 

-HC=CH-+ 0, -HC—CH- 

u 

Double bond in fatty acid Fatty acid peroxide 

These compounds subsequently decompose or react with one 
another to form aldehydes, ketones, fatty acids, active oxygen, 
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ozone, and hydroj^en peroxide. However, the typically disagree¬ 
able odor of rancid fats is due primarily to the medium molecu¬ 
lar weight aldehydes formed. Actually only about 0.1 per cent 
of the fat decomposes to form these compounds. Heat, light, 
moisture, and practically all metals except aluminum and nickel 
tend to hasten oxidative rancidity. 

Rancidity can be retarded by such precautionary measures 
as keeping the fat cool, storing fat in colored containers and 
thus keeping it away from the light, and by excluding air. 

Antioxidants. —All fats and oils contain natural antioxidants. 
Their function is to protect the fat or oil from deterioration 
during its normal life. Vegetable oils contain a larger propor¬ 
tion of natural antioxidants than do animal fats. The amazing 
thing about antioxidants is their unusual effectiveness in ex¬ 
tremely low concentrations. As little as a few hundredths, or 
even thousandths, of 1 per cent suffice to protect the products 
from rancidity for considerable lengths of time. The tocoplierols 
(see vitamin E, page 731) are effective natural antioxidants. 

A great many compounds have been successfully used com¬ 
mercially as antioxidants. Among those found effective are 
hydroquinone, pyrogallol, quinhydrone, pyrocatechol, and gallic 
acid. The addition of 0.05 per cent of gum guaiac to lard 
markedly reduces its tendency to become rancid, thus elim¬ 
inating one of the olijcctions to this type of shortening. At this 
concentration the antioxidant has no noticeable effect on the 
flavor or odor. 

Drying Oils. —Closely related to the process of rancidity is 
the reaction such oils as linseed, tung, and oiticia undergo 
when they are exposed to the air. A thin layer of the oil 
will take up oxygen and form a tough, elastic, waterproof 
surface. Such oils are called drying oils, and are charac¬ 
terized by containing a high percentage of unsaturated fatty 
acid glycerides. For example, linseed oil contains approx¬ 
imately 48 i)er cent linoleic acid, and 34 per cent linolenic 
acid, in the combined form. Tung oil, originally obtained ex¬ 
clusively from China, now is being obtained in ever-increasing 
amounts from tung trees growing in Texas, Florida, Georgia, 
Alabama, and Mississippi. It contains approximately 85 per 
cent of elaeostearic acid ester. 
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Large quantities of castor oil are now coininereiaJly deliy- 
draled, and the resulting oil compares favorably with lung oil 
in drying pi’operties. The oil contains over 80 jier cent, of 
ricinoleic* acid, wliicli uiioi] dehydration is converted to linoleic 
acid, thus accounting for the drying properties of the resulting 
oil. This process came into importance during World War 11 
because of the acute shortage of linseed and tung oil. 

H H H H H 

— c — (1 — c = C(Oi 
i i i 

H OH H 

Kicinoleic acid csto 

II 

I 

I 

H 


Hchydration 

I,),COOK -^-> 

r 

H H H H 

C —C ~C(CHo)7COOR + ILO 
Linoleic acid ester 


Drying oils form the basis for the manufacture of paints. 
Essentially, oil paints are pigments suspended in a drying oil. 
When the paint is spread in a thin layer and exposed to the 
air, the pigment is firmly held in place by the tough film formed. 
Certain products known as driers'' are added to oil paints to 
accelerate the drying process. Turpentine, and lead, manganese, 
and cobalt salts of unsaturated fatty acids are used for this 
purpose. Driers do not increase the amount of oxygen even¬ 
tually taken up by the oil, but merely hasten the process. 

The first step in the drying of the oils is the oxidation to 

peroxides. As more oxygen is absorbed and higher molecular 
weight, complex oxygen-containing compounds are formed, the 
process proceeds at a slower rate. It has been shown that a 
thin film of linseed oil will absorb 16 per cent of its weight of 
oxygen. 

The linoleum industry also uses drying oils, chiefly lin¬ 
seed. Linoleum is a mixture of powdered cork, pigments, 

and drying oil, which is spread in a thick layer on a cloth back 
and allowed to harden. 

Linseed oil, the chief drying oil of commerce, is obtained 
from the seed of the flax plant. A different variety of flax 
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plant is cultivated for seed purposes than is grown for linen. 
In the United States, the chief states growing seed flax are 
North and South Dakota, Minnesota, and Montana. The oil 
content of the seed varies from 35 to 40 per cent. The oil is 
obtained from the seeds by first heating to 85° C. in order to 
soften the seed tissues. This treatment then is followed by 
expression of the oil in hydraulic presses giving pressures as 
high as 4,000 pounds per square inch. The oil is purified and 
refined by chemical means, and this product is known as raw 
linseed oil. 

In quick-drying processes boiled linseed oil is used. This is 
produced by heating the oil to a temperature as high as 125° C. 
Air is blown through the oil, and driers are added. The ad¬ 
vantage of the boiled oil over the raw product is that a part 
of the oxidation already has taken place, and the time neces¬ 
sary for drying is thus shortened. 

Hydrogenation. —In recent years a large industry has de¬ 
veloped for transforming liquid oils into solid fats. The stu¬ 
dent will recall that the only difference between oils and solid 
fats is in the number of double bonds in the fatty acids; in 
other words, in the amount of hydrogen the compound con¬ 
tains. If an oil is heated under pressure to about 200° C. in 
the presence of a catalyst, such as finely divided nickel, hydro¬ 
gen will add at the double bonds. If the process is continued 
long enough, completely saturated fatty acids will result. Such 
hydrogenated shortenings as '^Crisco,'' ''Spry,'’ and "Snow¬ 
drift" are made from vegetable oils. 

Hydrogenation is not carried to completeness, for if it were, 
the resulting fat would be a hard, brittle product resembling 
tallow. Instead, the hydrogenation is carried only to the point 
where a fat of desired workability and firmness is obtained. 
Crisco contains 20 to 25 per cent saturated fatty acids, 65 to 75 
per cent oleins, and 5 to 10 per cent linoleins. 

Hydrogenated shortenings owe part of their popularity to 
the fact that they do not easily become rancid on standing, as 
do butter and lard. A hydrogenated shortening can be left in 
the kitchen cupboard for weeks in the summer while the family 
is away on vacation and still retain its original freshness. 
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A shortcoming of hydrogenated fats is that they do not have 
the shortening power of other fats, such as lard. Shortening 
power is rather a poorly defined property, but the function of 
a shortening agent is to act as a lubricant for the tough fibers 
of protein in a baked product. This property of acting as a 
lubricant for tough, fibrous material is somewhat analogous to 
the process that takes place if peanuts are taken into the mouth 
when one is chewing gum. It soon will be found that the 
resiliency of the gum has been lost and that the gum is dis¬ 
integrating. Along this same line, it can be mentioned that the 
most successful way of removing chewing gum from fabrics is 
to rub the gum with a fat until it disintegrates; the fat then 
can be removed with carbon tetrachloride or some other fat 
solvent. 

It has been shown that, if a fatty acid contains a double bond, 
it has nearly double the shortening power of a corresponding 
saturated fatty acid. This property is explained by the * * bend¬ 
ing of the fatty acid at the point of the double bond. Fats 
whose fatty acids contain two or three double bonds thus can 
be expected to have greatly increased shortening power over 
that of a saturated fat. 

Soap Manufacture.—^Fats react with alkalies to form soaps, 
the reaction being termed saponification. Thus, soaps are salts 
of fatty acids. The ordinary toilet and laundry soaps of com¬ 
merce are chiefly mixtures of the sodium salts of stearic, palmitic, 
and oleic acids. The formation of a typical soap can be illus¬ 
trated by the i*eaction of sodium hydroxide with tristearin. 

() 


// 

CH 2 —0—C— 

0 

CH,OH 


CH — 0 —+ 3 NaOH 

1 

CHOH 

1 

+ 3 C„H«,COONa 

0 

CTI.OH 


CH.—0— 

Glycerol 

Sodium stearate 

Tristeatin 

(a soap) 


Soap is prepared commercially by boiling animal or vege¬ 
table fats with sodium hydroxide. The sodium soap formed is 



LIPIDS 


277 


insoluble in brine solution, so salt is added to the reaction mix¬ 
ture. The soap rises to the top of the brine solution and can 
be removed. The glycerol and excess lye remain in the residual 
brine. The glycerol can be removed from the residual liquid 
by vacuum distillation. The molten soap can be dried in large 
frames, or on heated rollers, or can be spray dried. The last 
process yields the now popular quickly dissolving laundry soap 
granules or beads, such as ''Super Suds.^’ 



Pig. 39.—Saponification on a largre scale. An empty soap kettle that is 
three stories deep. Such a kettle is stocked for each batch with approxi¬ 
mately 130,000 pounds of fat and 76,000 pounds of caustic solution, from 
which a yield of about 150,000 pounds of toilet soap and 14,000 pounds of 
grlycerln are obtained. (Courtesy of Procter and Gamble Co.) 


The character of the soap formed is dependent largely on the 
fatty acids present in the fat. If a high percentage of sodium 
palmitate and sodium stearate are formed, the soap will be firm 
in texture. If, however, the soaps of unsaturated fatty acids 
are formed, such as sodium oleate, the soap will be soft, and 
perhaps liquid, at ordinary temperatures. This explains why 
many oils are unsatisfactory for soap making. If, however, the 
oils are first hydrogenated, satisfactory soaps can be made 
from them. Soaps made from fatty acids with less than 12 
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carbon atoms have low detergent properties but sud freely, 
while those made from fatty acids containing more than 18 
carbon atoms do not dissolve readily in water at ordinary 
temperatures. Thus in the soap industry there is quite a science 
to the selection, preparation, and blending of fats and oil used 
in saponification to yield products with the desired degree of 
sudsing ability, detergent efficiency, and cake firmness. 

Soaps that float are made by blowing air into the soap before 
it is formed into cakes, and the ability to float is not dependent 
upon the purity of the soap. Transparent soaps are made by 
dissolving the soap in alcohol and evaporating off the solvent. 
Scouring soaps contain such abrasives as silica, pumice, or lava 
dust. Frequently such substances as sodium carbonate or tri¬ 
sodium phosphate are added to scouring soaps to serve as water 
softeners in ‘^hard water/’ 

At this point in the discussion, it is necessary to explain 
what is meant by hard water, and why such water impairs the 
efficiency of the ordinary sodium soaps. Hardness in water is 
of two kinds, temporary and permanent. Temporary hardness 
is due to the presence of calcium bicarbonate, Ca( 11003 ) 2 , 
magnesium bicarbonate, Mg(HC08)2. Such hardness is called 
temporary because it can be removed by boiling. Permanent 
hardness is due to the presence of calcium sulfate, CaS 04 , and 
magnesium sulfate, MgS 04 , in the water. 

The sodium and the potassium soaps are the only common 
soluble soaps. The other metallic soaps are insoluble in water. 
Thus, when a sodium soap is added to water containing calcium 
and magnesium ions, those metallic ions replace the sodium in 
the soap and the insoluble calcium and magnesium soaps are 
precipitated. These insoluble soaps cling to clothes in launder¬ 
ing and are very difficult to rinse out. 

The softening’’ of water simply means the removal of the 
calcium and magnesium ions from the water.* Soap itself is a 
water softener in the sense that it reacts with hard water to pre¬ 
cipitate the insoluble calcium and magnesium soaps, but this 

♦Raymore (Soap Sanit. Chemicals 22: 48, 1946) on the basis of a study 
of the ability of various soaps to yield permanent lathers in water of vary- 
ingr hardness found that, if $1.65 worth of soap per year per family were 
required with water of zero hardness, then the cost of soap with waters of 10 
and 85 grains of hardness would be $8.99 and $28.42, respectively. Hardness 
of 10 grrains per gallon is common. 
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method of softening water is very wasteful of soap. The soap 
exerts no cleansing action until it first has reacted to remove 
all the calcium and magnesium ions from the water. It is 
desirable, therefore, to use a cheaper means to remove the cal¬ 
cium and magnesium ions before soap is added. 

Boiling is one way of softening water, because insoluble cal¬ 
cium and magnesium carbonate are formed from the corre¬ 
sponding bicarbonates, and precipitate out. Only temporary 
hardness can be removed in this way. The scale that collects 
on the inside of teakettles is largely calcium and magnesium 
carbonate removed from hard water by boiling. However, boil¬ 
ing is not a practical means of softening large quantities of 
water. Chemical methods of precipitating the calcium and 
magnesium ions oiTer a much quicker, cheaper, and more con¬ 
venient way to soften hard water. 

All chemical water softeners are effective because they pre¬ 
cipitate calcium and magnesium ions from the water in some 
insoluble form. To illustrate the reaction of the different chemi¬ 
cal water softeners, calcium sulfate and calcium bicarbonate 
will be considered as the substances causing the hardness. 
Magnesium bicarbonate and magnesium sulfate would react in 
the same manner. 

Trisodium phosphate (NayP 04 ) is an effective and inexpen¬ 
sive water softener. The amount of this chemical required to 
soften a given quantity of water can be calculated if the 
''grains of hardness” in the water supply are known. This in¬ 
formation can be supplied by the local water company. 

3CaSO, + 2Na,PO, Ca,(PO,),t + 3 Na^SO, 

Calcium Trisodium Calcium Sodium 

sulfate phosphate phosphate sulfate 

Since trisodium phosphate dissolves slowly, it is desirable to 
use a saturated solution of the compound for softening water 
in order to obtain the full effectiveness of the product. 

Sodium carbonate (Naj^COg) (washing soda) also acts as a 
water softener, since both calcium and magnesium carbonates 
are insoluble compounds. 

CaSO, + NajCO, CaCO,i + Na,SO, 

Calcium Washing Calcium Sodium 

sulfate soda carbonate sulfate 
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Borax (NaaB^O^-lOHaO) is a softener commonly used in 
households. It is not a good softener for the permanent types 
of hardness, but it is effective in removing temporary hard¬ 
ness. It hydrolyzes to give sodium hydroxide, which acts as 
the softening agent. 

Ca(HCO,), + 2NaOH CaCO,t + Na,CO, + 2 Hp 

In the eastern part of the United States are found ^‘natural 
green sands” capable of softening water. These sands are 
sodium silicoaluminate compounds, and are called zeolite soft¬ 
eners. They react with hard water by withdrawing the calcium 
and the magnesium ions and replacing them with sodium. 

Naa0.2Al303.5Si0a + CaS 04 Ca0.2Al20,.5Si04 + N^S04 

Calcium Sodium 

Zeolite sulfate sulfate 

When this type of softener is used, arrangement is made so 
that the water to be softened flows through a tank filled with 
zeolite. After continued use the softening power of the zeolite 
is exhausted. The zeolite can be regenerated simply and easily 
by pouring strong brine solutions through the container. The 
sodium in the brine replaces the calcium and magnesium, and 
thus the zeolite is ready to be used over again. 

Synthetic ion exchange resins, which are condensation prod¬ 
ucts of phenol sulfonic acids and formaldehyde, have been de¬ 
veloped for the softening and dealkalizing of water. In many 
(*ases these synthetic materials have a faster ion exchange rate 
and a greater capacity than the natural green-sand zeolites. 

All soaps have antiseptic properties, but these are increased 
by addition of phenolic substances, such as carbolic acid di¬ 
phenyl sulfide, and diphenyl methane. 

The cleansing properties of soluble soaps can be attributed 
to the fact that they are emulsifying agents. They lower sur- 
face tension and cause particles of dirt or grease to become 
suspended in water. 

Soaps other than the sodium ones are manufactured com¬ 
mercially. Soft or liquid soaps usually are potassium salts of 
the unsaturated fatty acids. The tincture of green soap used in 
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liospitals is a solution of potassium soap in alcohol. Zinc stearate 
is a component of most talcum powders. Lead, manganese, and 
cobalt soaps are used in paints as driers. Some calcium soaps, 
which are soluble in oil, are components of lubricating greases. 
Ferric stearate is used as a leather dressing. 

Sodium ricinoleate is a soap that deserves special mention. 
All bacteria that are harmful produce chemical substances 
called toxins. These toxins are poisonous and cause the symp¬ 
toms of disease. Sodium ricinoleate changes many bacterial 
toxins to harmless substances. It is sometimes used in treating 
those types of *^food poisoning’’ due to the ingestion of food 
contaminated with toxins. 

Fat Analysis. —Certain chemical constants are useful in char¬ 
acterizing the various fats. One of these is the saponification 
number. Roughly speaking, it varies inversely with the molecu¬ 
lar weight of the fat; that is, the higher the molecular weight 
the lower the saponification number. For example: 


Tributyrin 

Tripalmitin 

Tristeariu 


Molecular 

weight 

302.2 

806.8 

890.9 


Saponification 

number 

557.0 

208.6 

188.9 


The saponification number is defined as the number of milli¬ 
grams of potassium hydroxide required to saponify one gram 
of fat. If the fat has a high molecular weight, there will be 
fewer carboxyl groups per unit of weight; hence, less potas¬ 
sium hydroxide will be needed for the saponification reaction 
than will be required if the fat contains low molecular weight 
acids. To illustrate this fact, the gram of fat used as a stand¬ 
ard in determining saponification number can be likened to a 
bushel basket. If the basket is filled with baseballs which 
represent high molecular weight fatty acids with one carboxyl 
group each, a certain number of balls will be required. If the 
basket is filled with marbles representing low molecular weight 
fatty acids also with one cai’boxyl group each, a much larger 
number will be needed. 

Iodine Number, —Iodine in a reactive form (ICl or IBr) 
will combine directly with the unsaturated fatty acids in fats 



282 


ORGANIC AND mOLOCJICAL CHEMISTRY 


at the double bonds. Thus, the amount of iodine that will com¬ 
bine with a fat is a measure of the dep^ree of unsaturation and 
is characteristic of the particular fat. The iodine number of 
a fat can be defined as the number of grams of iodine absorbed 
by 100 grams of fat. 

If a weighed sample of fat is treated with reactive iodine 
and found to take up a given number of grams of iodine, the 
iodine number of the fat can be calculated by setting up a 
simple proportion. For example, let us suppose that 5 grams 
of fat were found to react with 4 grams of iodine. To obtain 
the iodine number, we must determine the grams of iodine that 
would react with 100 grams of fat. The following proportion 
expresses the desired relationship: 

5 : 100 :: 4 : X 
5X = 400 
X == 80 

Thus, the iodine number of the fat is 80. 

A frequently used way of grouping fats and oils is according 
to their iodine numbers. Table XIII illustrates this classification. 


Table XIII 

Iodine Numbers or Common Fats and Oils 


CLASS 

name 

IODINE NUMBER 

Nondrying oils 

Butter 

26- 28 

(iodine numbers below 100) 

Cocoa butter 

32- 41 


Coconut butter 

6- 10 


Olive oil 

79- 88 


Peanut oil 

88- 98 

Semidrying oils 

(Cottonseed oil 

103-111 

(iodine numbers below 130) 

Maize or corn oil 

111-128 


Soybean oil 

122-1.34 

Drying oils 

Linseed oil 

175-202 

(iodine numbers above 130) 

Tung oil 

163-171 


Dehydrated castor oil 14.5-190 


The iodine number is used to determine the extent of hydro¬ 
genation in commercial processes of hydrogenating oils. 

Reichert-Meissl Number.—The volatile fatty acids, which can 
be steam distilled, are comprised chiefly of the C4 to the C12 
acids. The Beichert-Meissl number is a measure of the amount 
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of these volatile fatty acids in a fat. It is defined as the num¬ 
ber of cubic centimeters of 0.1 N alkali required to neutralize 
the volatile fatty acids from 5 grams of fat. Butter has a par¬ 
ticularly high lieichert-Meissl number because of its relatively 
high content of such low-molecular weight acids as butyric and 
caproic. 

Waxes. —Waxes, another group of simi3le lipids, are esters 
of fatty acids with high-molecular weight alcohols. The term 
should not be used loosely to include all compounds with a 
waxy consistency, since this would include paraffin wax. Paraf¬ 
fin is a hydrocarbon, and does not yield an alcohol and acid on 
hydrolysis, as do the true w^axes. 

The common alcohols and fatty acids found in waxes are: 


Alcohols 

Cetyl C,,H 330 H 

Carnaubyl 

Ceryl C,cIIa 30 H 

Myriey] 


Acids 

Lignoceric C^aH^TCOOH 
Cerotic CagHajCOOH 

Melisaic C 2 ^>H 55 ,COOH 
Palmitic Cj^H^COOH 


Beeswax is approximately 80 per cent myrieyl palmitate, 10 
to 12 per cent free cerotic acid, and 10 to 18 per cent free hydro¬ 
carbons. 

Carnauba wax is obtained from the leaves of the carnauba 
palm grown in Brazil. The wax forms a heavy la^^er on both 
the upper and the low^er sides of the leaf to prevent evaporation 
of water. The climate where the carnauba palm grows is very 
hot and dry most of the year. Usually there is about one rain¬ 
fall a year, and that in the form of a flood; thus, it is imperative 
that the leaves conserve moisture. One locality in Brazil is the 
only place in the world where the climatic conditions are such 
that the deposits of carnauba wax are of sufficient thickness to 
be of commercial importance. Five adult palm trees are capable 
of producing about one pound of wax annually. About 10,000 
tons of the wax were produced in Brazil in 1935, the United 
States importing approximately half of this supply. Carnauba 
wax is used in polishes for floors, automobiles, furniture, and 
shoes. It is used in candles to raise the melting point, in phono¬ 
graph records, in soap, and in carbon paper. 
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Spermaceti wax is obtained from the sperm whale. In the 
head of this whale there is a large cavity that can hold nearly a 
ton of an oily liquid. When this is cooled below the body tem¬ 
perature of the whale, a waxy solid crystallizes out. This is 
spermaceti wax, and the oil left is known as sperm oil. The 
principal ester present in spermaceti is thought to be cetyl pal- 
mitate. Spermaceti is used in candlemaking, in cosmetics, and 
in pharmacy. Sperm oil is a high-grade lubricant used for 
special purposes, such as oiling watches and delicate instru- 



Flg. 40.—The first step in the harvesting: of carnauba wax in the arid 
regrions of northeastern Brazil. Laborers are harvesting the wax-coated 
leaves by means of a sharp, sickle-like knife fastened to the end of a long 
pole. The leaves are dried and the wax is beaten off with clubs by native 
workers. The powdered wax then is melted down and allowed to solidify 
into cakes. In this form the wax is shipped mainly to the United States, 
to be manufactured Into polishes for floors, automobiles, furniture, and 
shoes. (Courtesy of S. C. Johnson and Sons, Inc.) 
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ments, where it is essential to use a lubricant that will not form 
a gummy deposit. 

Wool wax, or lanolin, a by-product of the scouring of wool 
for textiles, is a basis for many ointments and creams. It forms 
an emulsion with water, and is used as a base for ointments 
that carry a water-soluble material as an active ingredient. 
Lanolin can be used alone or in combination with other mate¬ 
rials for finishing, softening, and preserving leather. It is an 
ingredient of varnishes and quick-drying paints. 


Compound Lipids 


Phospholipids.—Phosiiholipids arc components of all animal 
and vegetable cells. In addition to the elements contained in 
the simple lipids, compound lipids contain nitrogen and phos¬ 
phorus. The phospholipids have been divided into three dis¬ 
tinct classes: lecithins, cephalins, and sphingomyelins. 

Lecithins, Lecithins are glycerides containing residues of two 
molecules of fatty acids, phosphoric acid, and a nitrogen-contain¬ 
ing base, choline. A typical lecithin has the following structural 
formula: 


O 

I F 

HCO-~-CR^ 

1 O 


P— O—O’H,N (, 

I ( 

OH OH 

A typical lecithin 


Lecithins are good emulsifying agents and form stable emul¬ 
sions in water. It appears likely that fats are partly converted 
to lecithins in the body, and are transported in this form from 
one tissue to another by the blood. Lecithins are important 
sources of the phosphoric acid used in building new cells in 
the body. 

In the laboratory, crude lecithin can be obtained from egg 
yolk by extracting with ether and precipitating out the leci¬ 
thins with acetone. Commercially, it is obtained from soybeans. 
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Lecithins are used in candy making to prevent a ‘‘bloom’' 
(white spots) from developing on chocolates and to reduce the 
viscosit}^ of chocolate coaling mixtures without the addition of 
the relatively expensive cocoa butter. They are used in the 
petroleum industry chiefly to inhibit gum formal ion in lubri¬ 
cants. 

Cobra venom contains an enzyme called lecithinase A. This 
enzyme catalyzes the loss of one fatty acid molecule from 
lecithin molecules. The substance that remains after the loss 
of the fatty acid is called a lysolecithin. Lysolecithins cause 
hemolysis (disintegration of red blood cells), thus accounting 
in part for the toxicity of cobra venom. The chief effect of the 
poison is on the nervous system. 



Figr. 41.—Solvent extraction plant for soybeans. One of the principal 
solvents is n-hexane, which extracts lecithins as well as the oil. I.iecithlns 
are used in the candy industry, in grasolines to prevent corrosion, and in the 
formation of oll-in-water emulsions. Soybean oil is a component of many 
paints and varnishes. The protein obtained from the *‘cake'* after the oil 
has been removed Is being used In the manufacture of plastics, and recently, 
a synthetic fiber has been made from this protein material. (Courtesy of 
the Ford Motor Co.) 


Cephalins, Cephalins, or kephalins, differ from lecithins only 
in the kind of base they contain. Instead of choline, most cepha¬ 
lins contain colamine, or y0-aminoethyl alcohol. Cephalins have 
the following structural formula: 
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CH^OOCR 

I 

CHOOCR' 

I o 

I II 

CH,0—P—O—CH,CH,NH, 

[)H 

A typical cephaliii 

It has been found that some cephalins contain serine (CH 2 OH.- 
ClINIlj^COOH) or inositol (see i)age 719) instead of colamine. 
(^anmereial ^^soya leeilhiir’ is derived from soylteans, and con¬ 
tains about one-third lecithin and two-thii'ds ccphalin. 

Cephalins are important in blood clotting. It is believed that 
the disintegration of blood platelets to release cephalin is the 
first step in ])lood coagulation. In certain diseases, known as 
purpuras, where the blood platelets are greatly reduced in num¬ 
ber, the patient may bleed to death. 

Sphingomyelins, The third type of phospholipid, sphingo¬ 
myelin, is not a glyceryl ester as are lecithins and cephalins. On 
hydrolysis sphingomyelins yield fatty acids, phosphoric acid, 
choline, and sphingosine. Its probable formula is as follows: 

(Fatty acid radical) RCO 

I 

NH 

CH» (CH,) jsCU--CHCHCHCH.OH 

I 

O 

I 

H0P=0 

dcH,CH,N(Cn,)3 

OH 

A sphingomyelin 

Sphingomyelins are found in brain and nerve tissues. They 
have not been isolated from plant tissues. Large quantities of 
phospholipids, chiefly sphingomyelins, accumulate in the liver 
and spleen of children suffering from Niemann-Pick’s disease. 
This disease is rapidly fatal, and occurs chiefly in the first two 
years of life. Fortunately, Niemann-Pick's disease is rare. 

Gkdactolipids.—The galactolipids, known, also as glycolipids 
or cerebrosides, occur chiefly in the brain and nerve tissues. 
On hydrolysis, they yield fatty acids, sphingosine, and the 
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sugar galactose. They differ from one another in the kind of 
fatty acids they contain. The galactolipids that have been well 
characterized are kerasin, phrenosin, nervon, and oxynervon. 


Derived Lipids 


By definition, the derived lipids are substances that are ob¬ 
tained from the simple and compound lipids by hydrolysis, and 
that are soluble in the fat solvents but insoluble in water. This 
last qualification excludes glycerol, choline, colamine, phos¬ 
phoric acid, and galactose—all compounds derived from com¬ 
pound lipids, but soluble in water rather than in fat solvents. 

The two important types of derived lipid remaining are the 
free fatty acids, which have been discussed already (see page 
270), and the sterols, wliich are high-molecular weight cyclic 
alcohols. 

The best known sterol is cholesterol, found only in animal 
tissues and originally isolated from gallstones. The name 
cholesterol is derived from Greek words, chole meaning bile, 
and stereos meaning solid. Cholesterol is found in every living 
cell in the body; it exists in the blood stream partly as free 
sterol, and partly in chemical combination with fatty acids. It 
is found in largest amount in the tissues of the nervous system 
and comprises about 14 per cent of the white matter of tlie 
brain. 

The chemical structure that has been established for choles¬ 
terol is as follows: 



H: 


H 


Cholesterol 
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In order to simplify the writing of such complicated structures 
as that for cholesterol, a shorthand method of representing car¬ 
bon rings is used. The hydrogens attached to each carbon 
atom in the ring are omitted for the sake of convenience. 



Cholesterol and the other sterols have a cyclopentanoper- 
hydrophenanthrene nucleus, which has been designated by the 
shorter term, cholane. It can be diagrammed as: 



Sterols are found also in plants. A number have been 
isolated, and collectively they are known as phytosterols. Ergos- 
terol is a sterol found in certain lower plants (the fungi). It 
is a potential source of vitamin D, which is formed when the 
sterol is exposed to ultraviolet radiant energy. 
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The sex hormones (Chapter XXVIII) contain the same kind 
of nucleus as the sterols, and so are related structurally to the 
sterols. 

Study Questions 

1. Define lipids and make an outline of their general classification. 

2. Give the names of three fats obtained from plant sources. 

3. What are four uses of fats? • 

4. What alcohol do all fats yield on hydrolysis? Write the structural 
formula for tristearin. 

5. What is the name of the fatty acid series containing one double bond, 
two double bonds, and three double bonds? Name specific fatty acids 
belonging to each aeries. 

6. What fatty acids liave been shown to be essential in the diet of rata? 

7. Leprosy sometimes is treated by the use of what oil? 

8. What are four ways of hydrolyzing fats? What are the end products 
of hydrolysis? 

9. What are the two types of rancidity and what causes each kind? 
Give measures that might be taken to retard these kinds of rancidity. 

10. What are peroxides? Write a probable equation for the formation 
of one. 

11. What are some typical drying oils? How do drying oils differ from 
cooking oils? 

12. In simple terms describe what takes place during hydrogenation. What 
advantages and disadvantages do hydrogenated shortenings have over 
cooking oils? 

13. What term is applied to the reaction of a fat and an alkali? Write 
the equation for the reaction of tripalmitin and sodium hydroxide, 
naming the products of the equation. 

14. Why could not a satisfactory toilet soap be made by the reaction of 
cottonseed oil and sodium hydroxide? 

15. What is the cause of temporary hardness and permanent hardness in 
water? How does soap act to soften hard water? 

16. Write an equation to illustrate how boiling acts to soften water. 

17. Upon what principle do all chemical water softeners work? Write 
equations to show how several different types of chemical water 
softeners act to soften permanent hard water. 

18. What is zeolite? Of what practical importance is the compound? 

19. How can saponification number be defined? Would butter or lard 
have the higher saponification number? 

20. How can iodine number be defined? What property of fats does it 
measure ? 

21. What is Reichert-Meissl number? 
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22. Name four waxes and tell for what they are used. Why is paraffin 
not a true wax? 

2.‘1. What is the formula for a typical lecithin? AVhat are some uses of 
lecithin? 

24. How do cephalins differ in structure from lecithins? What is the pos¬ 
sible function of cephalins in the body? 

25. What compounds are obtained from sphingomyelins on hydrolysis? 

26. What products are yielded by the galactolipids on hydrolysis? 

27. Why is cholesterol classed with the derived lipids? Diagram the nu¬ 
cleus that is common to cholesterol, ergosterol, and the sex hormones. 

28. The molecular weight of linolenic acid is 278. Calculate its iodine 
number. 

29. The hydrolytic type of rancidity in butter results in the formation of 
what undesirable compound? 

30. Describe briefly the manufacture of boiled linseed oil. 

31. What is the pliospholipid that functions in the permeability of the 
cell membrane? 

32. What is the name of the sterol that can be converted into vitamin D by 
irradiation with ultraviolet light? 

33. Explain why linseed oil is widely used in paints. 


References 

Steinle, J. V.: Carnauba Wax, An Expedition to Its Source, Indust. & 
Engin. Chem. 28: 1004, 1936. 

Jami-eson, G. S.: Vegetable Fats and Oils, New York, 1932, Chemical 
Catalog Company, Inc. 

Whitmore, W. F., and Laurs, M.: Metallic Soaps—Their Uses, Prepara¬ 
tion, and Properties, Indust. & Engin. Chem. 22: 646, 1930. 

Groggins, P. H.: Unit Processes in Organic Synthesis, ed. 2, New York, 
1938, McGraw-Hill Book Company, Chapter VIII, Hydrogenation. 

Dahle, C. D., and Nelson, D. H.: Antioxygenic Fractiods of Oat and 
Soya Bean Flour, Journal of Dairy Science 24: 29, 1941. 

Goldthwait, C. F.: Detergent, Emulsifying, Finishing, and Wetting 
Agents, American Dyestuff Reporter 26: 569, 1937. 

Bull, H. B.: The Biochemistry of the Lipids, New York, 1937, John 
Wiley & Sons, Inc. 

Olcott, H, S., and Mattill, H. A.: Antioxidants and the Autoxidation 
of Fats. VI. Inhibitols, J. Am. Chem. Soc. 68: 1627, 1936. 

Hilditch, T. P.; The Chemical Constitution of Natural Pats, New York, 
1941, John Wiley & Sons, Inc. 

Ralston, A. W.: New Fatty Acid Derivatives, Chem. Metallurg. Engin. 
48: 126, 1941. 

von Mikusch, J. D., and Priest, G. W.: The Role of Oxidation in Drying 
Oils, Oil and Soap 18: 50, 1941. 

Bloor, W. R.: Biochemistry of the Fatty Acids, New York, 1943, Reinhold 
Publishing Company. 

Bauman, W. C.; Improved Synthetic Ion Exchange Resin, Indust. & 
Engin. Chem. 38: 47, 1946. 



292 


ORGANIC AND BlOLOiJICAL CHEMISTRY 


Piskur, M. M.: Review of JAterature on Fats, Oils, and Soaps, Oil and 
Soap 23: IIH, 194(3. 

Bailey, A. E.; Oil and Fat Products, New York, 1945, Interscience Pub¬ 
lishers, Inc. 

Shrevo, R. N.; The Chemical Process Industries, New York, 1945, 
McGraw-Hill Book Company, Inc. 

Brown, J. B.: The Chemistry of the Lipids, Ann. Rev. Biochem. 13: 
03, 1944. 

Longenecker, H. E., and Daubert, B. F.: The Chemistry of the Lipids. 
Ann. Rev. Biochem. 14: 113, 1945. 

Brown, J. B.: The Chemistry of the Li]>ids, Ann. Rev. Biochem. 15: 
93, 1946. 



CHAPTER XIII 


AMINES AND MISCELLANEOUS NITROGEN 
COMPOUNDS 

Amines 

Introduction. —Prom the standpoints of structure and of 
properties, amines can be considered as alkyl derivatives of 
ammonia. Amines are grouped in three classes: primary, sec¬ 
ondary, and tertiary, according to the number of alkyl (R) 


groups in the molecule. 



H 

H 

R 

R 

/ 

/ 

\ 

\ 

N—H 

R—N 

N—H 

R—N 

\ 

\ 

/ 

/ 

H 

H 

R 

R 

Ammonia 

Primary 

Secondary 

Tertiary 


amine 

amine 

amine 


Preparation of Primary Amines. —Methods of preparing 
methyl amine and ethyl amine will serve to illustrate the gen¬ 
eral methods for the preparation of primary amines. 

1. Primary amines can be prepared from acid amides by 
the action of bromine or chlorine^ and an alkali. This method 
first was used by A. W. Hofmann, and is known as the Hof¬ 
mann rearrangement. It is a method frequently used for the 
preparation of primary amines. 

O 

+ Br, + 4 NaOH -> CH 3 NH, + Na^CO, + 2NaBr + 2H,0 
Acetamide Methyl 

amine 

The reaction takes place in three steps. These will be given in 
order that the student can understand better the mechanism of 
the reaction, and thus avoid blind memorization. 

•The preparation of methylarnine hydrochloride from acetamide by 
means of calcium hypochloride is described by C. R. Hauser and W. B. 
Renfrew, Jr. in J. Chem. Ed, lij 542, 1937. 

293 
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The first step consists in the replacement of one of the hydro¬ 
gens of the amino (—NHj) group by bromine, with the forma¬ 
tion of a bromamide. 

O OH 

/ ^ / 

CH,C—NH, + Br, + NaOH CH3C—N + NaBr + H^O 

Acetamide Acetobromamide 


In the second step, the bromamide, on heating with alkali, loses 
hydrogen bromide and rearranges to form the isocyanate. 

O 

CH,^NHBr + NaOH -> CH^N—C^O + NaBr + H^O 
Acetobromamide Methylisocyanate 

Thirdly, the isocyanate is hydrolyzed by tlie alkali to yield the 
amine and carbon dioxide. The latter reacts with sodium hy¬ 
droxide to form sodium carbonate. 

CH,N=:C=0 -f 2 NaOH CHjNH, + Na^CO, 

Methylisocyanate Methyl amine 

This synthesis yields i)rimary amines containing one less carbon 
atom than the amide used as a starting material. 

2. Primary amines can be prepared by the reduction of the 
corresponding nitrile or cyanide. 

H 

Na 1 

CH,CN + 4[H]-> CH 3 C—NH, 

alcohol I 

Acetonitrile or H 

Methyl Ethyl 

cyanide amine 

3. Another method of preparing primary amines involves the 
reduction of nitroparafflns. This method is becoming increas¬ 
ingly important, since the nitroparaffins are being produced 
commercially in large quantities by Commercial Solvents Cor¬ 
poration. 

CH^NO, + 6[H] CH,NH, + 2H,0 

Nitromethane Methyl amine 
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4. Primary amines can be prepared by the direct reaction of 
ammonia on an alkyl halide. From a theoretical viewpoint, 
this would appear to be the most convenient method of pre¬ 
paring primary amines. However, the reaction yields a mix¬ 
ture of primary, secondary, tertiary amines and quaternary 
salts (see page 298). Various chemical or physical means are 
used for separating these end products, tlie exact method de¬ 
pending upon the compound desired. 

Physical Properties of Primary Amines. —The first two mem¬ 
bers of the series of primary amines are gases at ordinary tem¬ 
peratures ; the middle members are liquids; and those contain¬ 
ing more than 12 carbon atoms are solids. 

Methyl amine and ethyl amine both are soluble in water. 
They have an ammoniacal odor. 

Reactions of Amines. —1. Combination with water. In line 
with the concept of amines as substituted ammonia, the amines 
dissolve in water to give alkaline solutions, and unite with 
acids to form salts. It is a familiar fact that ammonia dis¬ 
solves in water to give an alkaline solution. Similarly, methyl 
amine, in common with the other amines, combines with water 
to give an hydroxyl derivative that ionizes to give an alkaline 
solution. 

CH,NH, + H,0 CH,NH,OH 

Methyl Methyl ammonium 

amine hydroxide 

Methyl ammonium hydroxide is a stronger base than ammo¬ 
nium hydroxide. 

2. Reaction with acids. Another characteristic reaction of the 
primary amines, as well as of ammonia, is the formation of salts 
with both organic and inorganic acids. 

CH,NH, + HCl -> CH,NHrHCl 
Methyl Methyl amine 

amine hydrochloride 

Thus, by treatment with hydrochloric acid or nitric acid, 
amines that are insoluble in water can be brought into solution. 
The free amines can be regenerated from their salts by the 
action of a strong base, such as sodium hydroxide. 
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In order to understand the theoretical basis for salt forma¬ 
tion by the amines, it is necessary to consider the electronic 
structure of the nitrogen atom. For simplicity, let us first con¬ 
sider the case of ammonia. 

H 

H : N : 

H 

(Note: Dots represent electrons in the outer 
electron shells of the atoms) 


The nitrogen atom has a complete octet of valence electrons, 
but it still is capable of holding additional atoms or groups, 
because it has a pair of unshared electrons. These unshared 
electrons are termed ^Mone pairs.’’ When ammonia reacts with 
acids, the proton (i.e., hydrogen ion) of the acid joins to the 
nitrogen atom, the full combining jiower of the nitrogen atom 
is satisfied, and tlie NH 4 group formed has acciuired a positive 
charge. 


H 

H : isr ; + H"C1- 

ii 


H 

H : N : H 

ii 


-1+ 


+ Cl" 


Hence, in aqueous solution, the two ions, NH/ and Cl“, are 
formed. 


The reaction of methyl amine with hydrochloric acid to form 
a salt is analogous to the reaction of ammonia with the same 
acid. 


H 


H 


-1+ 


H,C : N : + HCl 




N : H 


4- Cl- 


H 


H 


The four groups or atoms around the nitrogen atom are held 
by covalent bonds, but the fifth group found in this type of 
compound (the OF, in this case) is held by electrostatic at¬ 
traction. 
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The reaction of amines with nitrous acid can be used to dis¬ 
tinguish the different classes of amine. With primary amines, 
nitrous acid yields a primary alcohol and gaseous nitrogen. 


CH,NH, + 0=N0H 
Methyl Nitrous 

amine acid 


► N,t + H,0 
Nitrogen 


+ CH.OH 
Methyl 
alcohol 


This type of reaction is used in the determination of amino 
groups (—NHg) in proteins by the Van Slyke method (see 
page 561 ). 

Treatment of secondary amines with nitrous acid yields a 
nitroso compound. 


CH. 

+ 

/ 

CH. 

Dimethyl amine 


OH, 


H0N=:0 


N =:0 


+ H.0 


/ 


CH, 

A nitroso compound 


The nitroso compounds are usually a green or yellow color, and 
are insoluble in water. These properties are useful in the 
recognition and identification of the nitroso compounds. 

Tertiary amines do not react with nitrous acid to give stable 
derivatives. 

3 . Carhylamine reaction. Primary amines form compounds 
known as carbylamines when they react with chloroform and 
alcoholic potassium hydroxide. The formation of a carbylamine 
is used as a test for primary amines because of its character¬ 
istic and disagreeable odor. Since secondary and tertiary 
amines do not react in this manner, this reaction is a sensitive 
test for primary amines. 


H,0-N 


/ 

\ 


Cl 


\ 


C—H 


■1 


alcoholic 

KOH 


H,C—N=:C—H 


KOH 


Methyl 

amine 


Cl 

Chloroform 


Cl 


H,0—N=C* + KCl + H,0 
Methyl isocyanide 
or methyl carbylamine 


* The student will note this exception to the usual quadriyalence of carbon. 


The evidence at the present time 
this compound. 


favors the existence of divalent carbon in 
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4. Reaction with acyl halides. Primary and secondary amines 
react with acyl halides to form substituted amides. 


+ HCl 


+ IICl 


The compounds formed in these reactions are unusual in that 
they combine the structures of both amines and amides. 

Tertiary amines contain no replaceable hydrogen on the ni¬ 
trogen atom and, accordingly, cannot form derivatives of this 
type. 

Preparation of Secondary Amines. —Secondary amines can 
be prepared by the reaction of an alkyl halide with a primary 
amine. 

\ 


H 

0 

CIC—CH3 

0 H 

II 1 

CH3C—N—CH3 

j 

CH3N—H + 

Methyl 

Acetyl 

Methyl 

amine 

chloride 

acetamide 

H,C 

0 

0 

\ 

II 

II /CH. 

NH + 

CIC-CH, 

CH3C-N( 

\CH, 

/ 


H,C 

Dimethyl 

Acetyl 

Dimethyl 

amine 

chloride 

acetamide 


CiLNII, + 


n,c- 


I H 

1/ NaOH 

-N-> 

|\ 


N—H + Nal + H,0 


Methyl 

amine 


Ethyl 

iodide 


Methyl ethyl 
amine hydroiodide 


/ 

H.C 

Methyl ethyl 
amine 


Other special procedures for the preparation of secondary 
amines also are used. 

Tertiary Amines. —Tertiary amines can be prepared by treat¬ 
ing ammonia with an excess of an alkyl halide. The free amine 
then is liberated by the action of sodium hydroxide. 


3 CH,I + NHa 
Methyl iodide 


(CH3)8N + 3 HI 
Trimethylamine 


A more convenient and less expensive method of preparing 
trimethylamine involves heating a mixture of formalin and 
ammonia to 110° C. in a closed vessel. 

110® C. 

9HCHO + 2NH,-> 2 (CH.),N + 3 CO, + 3 H,0 

Formalde- Trimeth* 

hyde ylamine 
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Trimethylamine is distributed more widely in natural prod¬ 
ucts than are the other methyl amines. It is present in herring 
brine in considerable quantities. Trimethylamine also can be 
obtained from beet sugar molasses by the decomposition of 
betaine. Trimethylamine is present in the spores of Tilletia 
levis, the '^stinking smut’^ of wheat. The odor of trimethylamine, 
especially when it is diluted, is very repulsive. It is fishlike, and 
clings tenaciously to clothing. 

The tertiary amines contain no replaceable hydrogens; thus, 
they do not give many of the reactions characteristic of primary 
and secondary amines. 

Uses of Amines. —The amines are basic substances; conse¬ 
quently, they will react with fatty acids to form organic soaps. 
These soaps dissolve readily in mineral and vegetable oils. Satis¬ 
factory emulsions can be prepared by adding a mixture of or¬ 
ganic soaj) and oil to water. Triethanolamine (HOCH.^OH 2 )^N, 
soaps are used in mineral oil emulsions for orchard sprays. 
Because of their low alkalinity, foliage damage is slight. 

AIM aqueous solution of monoamylamine has a pH 11.67, 
compared to pli 11.62 for ammonium hydroxide of the same 
concentration. 

Triamylamine, (Cr.HjJgN, has been found to be effective as 
an inhibitor of acid corrosion of metals. In one investigation 
it was found that 0.13 per cent of n-triamylamine in 1 N sul¬ 
furic acid reduced the corrosion of steel exposed to the acid 
solution by 99 per cent. 

Tetraalkyl Salts and Bases. —Tetraalkyl ammonium salts are 
formed by the action of an excess of alkyl halide on ammonia. 


CH, 


CH, 


CHs 


/ \I Hon 

HaC—N + CH,I -> N—I-> 

CH, OH, I 

OH. 


CH, 


CH, 


CH, 

I 

/I 


CH, 


+ I- 


Trimethylamine 


Tetramethylammonium 

iodide 

(a quaternary salt) 
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They also can be prepared by the action of alkyl halides on a 
tertiary amine. These compounds are known as quaternary salts. 
The quaternary salts are stable solids, and resemble the corre¬ 
sponding ammonium salts. 

When tetraalkyl chlorides are heated, a tertiary amine and 
an alkyl chloride are obtained. 

(^'A).(CH3)N.CI-> (C,Ha),N + CH3CI 

A 

Triethylmethyl- Triethyl- Methyl 

ammonium chloride amine chloride 

The importance of this reaction is that the alkyl chloride liber¬ 
ated always contains the smallest alkyl group that was attached 
to the nitrogen in the quaternary salt. This reaction has 
proved very useful in the investigation of alkaloids and other 
nitrogenous compounds. 

Quaternary ammonium salts in which all four alkyl radicals 
are different can be resolved into optically active forms. The 
nitrogen atom is comparable to the asymmetric carbon atom in 
the optically active compounds discussed previously. It is as¬ 
sumed that the four different groups are arranged in space to 
form a tetrahedron around the nitrogen atom. 

Hyamine 1622 is the trade name of a quarternary ammonium 
compound that is a powerful deodorant and bactericide. It can 
be used to destroy such powerful odors as those from garlic, 
onions, garbage, and decayed fish. As a bactericide it is 200 
times as effective as carbolic acid. Its solutions are stable and 
when properly diluted are harmless to man and animals. 

Quaternary ammonium hydroxides can be prepared from the 
quaternary salts by the action of silver hydroxide in the presence 
of alcoholic potassium hydroxide. 

alcohol 

(CH.)4NI + AgOH-^ (CH,)4N0H + Agl 

Tetramethyl- Tetramethyl- 

ammonium ammonium 

iodide hydroxide 
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The quaternary ammonium hydroxides are crystalline solids. 
When dissolved in water, they are strong bases, comparable to 
sodium and potassium hydroxide. 

Choline. —The structural formula assigned to choline, an 
important quaternary base, can be represented as: 


HO—CH,—CH,-N or 

CH3 

Choline 


HO—CH—CH—N 


It is a constituent of the lecithins and the sphingomyelins. If 
experimental animals are fed a diet high in fat and detieient in 
choline (phospholipids, etc.), an abnormally large quantity of 
fat is deposited in the liver. Experiments have shown that tlu^ 
addition of choline to the diets of these animals will j)revent this 
deposition of fat in the liver. An explanation of the action of 
the choline in i)reventing fat from accumulating in the liver is 
that choline is needed to form lecithins, which are believed by 
Bloor and others to act as “transport agents’^ for the removal of 
the fatty acids from the liver. More exi)eriments are needed, 
however, to confirm this hypothesis. 

Choline sometimes is considered to be one of the water- 
soluble vitamins (see page 718). 

Acetylcholine. —The acetyl derivative of choline has been 
shown to be involved in the transmission of nerve impulses. 


O OH 

CH,—CH,—N^^CH, 

1\h. 

CH, 

Acetylcholine 


Acetylcholine, then, can be thought of as the chemical mes¬ 
senger of the nerve impulse of certain nerves. The role of 
acetylcholine is brought out strikingly by the following words 
of Dale, who has done much work on the chemistry involved 
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in the transmission of nerve impulses: '‘As I speak to you, 
I have every reason to suppose that the muscle fibers of my 
tongue and my jaws are being activated by innumerable little 
charges of acetylcholine, fired at them, as it were, from the 
endings of the nerve fibers.’’ 

Neurine. —When choline undergoes putrefaction by bacteria, 
dehydration of the etlianol side chain occurs, and neurine is 
formed. 

OH 

I CH. 

\/ 

N 

1 \ 

I OH, 

CH. 

Neurine 

(vinyltriniethylamnionium hydroxide) 

Unlike choline, which is not toxic, neurine is exceedingly poison¬ 
ous. It can occur among the putrefactive decomposition prod¬ 
ucts of meat and fish. 

Betaines. —The betaines (pronounced l)e'ta ens) are a grou]) 
of basic quaternaiy salts formed in plants. The simplest 
member of the series, known just as betaine, can l)e considered 
as an oxidation product of choline. It crystallizes as the 
hydroxide (A), but readily loses water u])on heating to form 
an internal salt probably of the structure shown in (B). 



O 

J!-o 


H/J + H^C-N—CHs 

I'cHa 

CH, 

Betaine (B) 


Betaine hydrochloride (Aeidol) is used in. the treatment of 
hypoacidity. It yields 24 per cent HCl, and is a convenient 
means of administering HCl. Young sugar beets may contain 
as much as 2.5 per cent of betaines. 
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Diamines 

The diamines differ from the compounds we have been con¬ 
sidering* in that they contain two amino groups instead of only 
one. The diamines are similar to the monoamines in their 
properties and in the methods used for their preparation. 

Ethylenediamine can be prepared by heating alcoholic am¬ 
monia with ethylene bromide. 

OHjBr A 

I + 2 NH 3 - 

CH3r 
Ethylene 
bromide 

Putrescine (tetramethylenediaminc), NHg—CHg—CHg—CHg 
—CPI 2 —NHg, is one of the putrefactive decomposition products 
of meat. It is formed from the amino acid, arginine. 

Cadaverine (pentamethylenediamine), NHg (Cllg) 5 NH 2 , is 
also a putrefactive decomposition product of proteins. It is 
formed from the amino acid, lysine, and was first discovered 
in putrefying human cadavers; hence its name. 

Putrescine and cadaverine originally were termed ''pto¬ 
maines,^^ and were thought to be responsible for "ptomaine 
poisoning. These two diamines are inert physiologically 
when they are taken by mouth. "Ptomaine poisoning" often 
has been confused with botulism, which is a type of food poison¬ 
ing caused by the bacterial toxin produced by the organism 
Clostridium hotulinum. This toxin is very potent; there is a 
case on record in which a woman opened some home-canned 
green beans, which had a slight "off odor." She tasted a spoon¬ 
ful, and, mnce they were not to her liking, she discarded the rest 
of the jar. Soon she became violently ill, and died of botulism 
forty-eight hours later. Botulinum toxins in canned foods result 
from the failure to destroy the responsible organism and its toxin 
by adequate heating in the canning process. Even if canned 
foods do contain botulinum toxins, they can be rendered nontoxic 
merely by boiling the food for ten minutes after the can has 
been opened. This treatment destroys the toxins. Odor is no 


CILNII, 

I + 2 HBr 

CH^NIIj 
Ethylene 
diamine 
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criterion of the presence or the absence of botulinum toxins. 
Wholesome-appearing food can contain lethal doses of the 
poison. 

Urea 

Urea is the amide of carbonic acid. 


OH 

/ 

c=o 

\ 

OH 

Carbonic 

acid 


Cl 


\ 

Cl 

Carbonyl chloride 
(diacid chloride) 


NH, 

c^o 

Urea 

(carbamide) 


The formation of urea from carbonyl chloride (phosgene) illus¬ 
trates how it is related in structure to carbonic acid. Phos¬ 
gene was one of the poisonous gases used in World War I. 


Cl 

C=0 + 2NII, 

Carbonyl chloride 
(phosgene) 


NH, 

^NH, 

Urea 

(carbamide) 


+ 2HC1 


Urea is the principal end product of nitrogen metabolism 
in man and the higher apes. It is present in blood plasma in 
a concentration of from 0.02 to 0.04 per cent, and in urine to 
the extent of about 2.0 per cent. The normal person on an 
average diet excretes about 30 grams of urea per day. 

Urea is of historical interest in that it was the first admit¬ 
tedly organic compound to be synthesized in the laboratory 
from inorganic materials. Wohler in 1828 formed urea by 
heating ammonium cyanate. 

A 

NH,~-0--C=N-^ CO(NH,), 

As was mentioned earlier, compounds were classed either as 
inorganic or as organic because it was thought that organic 
compounds could be formed only by living processes. The 
synthesis of urea in the laboratory demonstrated that ‘‘vital 
forces^’ were not necessary for the formation of organic com¬ 
pounds. This was an incentive for research in the preparation 
of other organic compounds. 
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Commercially urea is produced by heating ammonia and 
carbon dioxide under pressure and at a temperature of 190° C. 
Ammonium carbamate probably is formed first and decomposes 
into urea and water. 

NH 2 

/ 

CO, ^ 2 NH 3 c =:0 

'^ONH, 

Ammonium 

carbamate 


C=0 + H,0 

'^NH, 

Urea 

carbamate 


NH, 

0^0 

'^ONH, 

Ammonium 


190 ^ a 


300-200 atm. 
pressure 


Urea also is made commercially by the hydrolysis of cyana- 
mide. 

H,N—CN -h H,0 CO(NH,), 

Cyanamide Urea 

Urea is a white, crystalline compound, very soluble in water, 
quite soluble in alcohol, but insoluble in ether. Since it is an 
important article of commerce, it now is available in carload 
lots. Urea is used as a high-grade nitrogen fertilizer, A urea- 
formaldehyde fertilizer, called uroform, recently has been an¬ 
nounced by the U. S. Department of Agriculture. The ratio 
of the two components can be adjusted so that the nitrogen 
becomes available at various rates depending on crop require¬ 
ments. Another commercial preparation is Val, a urea-am¬ 
monia liquor. 

Large quantities of urea are used in the manufacture of 
plastics. Under the influence of heat and in the presence of 
catalysts, urea reacts with formaldehyde to form polymerized 
products that can be molded at high temperatures and pressures. 
These urea resins are used for such articles as radio cabinets, 
electric switch plugs and plates, shades and reflectors for light¬ 
ing fixtures, buttons, cosmetic containers, and decorative fittings 
for household appliances. Urea resins are valuable for the 
manufacture of molded products because they show such distine 
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B. 

Fiff. 42.—Articles made from urea-formaldehyde resins. A, A radio cabi¬ 
net with knobs to match. B, Attractive sanitary cosmetic containers can be 
made from this type of resin. (7, Telephone indices are molded from light- 
colored urea resins. D, Urea-molding materials are used to good advantage 
in electric switch plugs and plates since they combine attractiveness with 
electric insulating qualities. (Courtesy of the Bakellte Corporation.) 
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D. 
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tive advantages as freedom from odor and taste, availability in a 
wide range of translucent and opaque colors, and excellent 
light diffusion properties. 

Urea-formaldehyde resins that have not been polymerized to 
form such large molecules as those in molded products are used 
as glues for plywood and veneer on furniture. By one of the 
new processes the urea-formaldehyde glue is worked into a 
foam. The glue can be used with thin veneers without causing 
wrinkles because it is thus possible to apply a very thin coat 
of glue. « 

In combination with alkyd resins urea-formaldehyde resins 
produced enamels that are resistant to alcohol, grease, and 
fruit acids. 

Urea now is being used as a seasoning agent to reduce check¬ 
ing, splitting, and similar losses that occur in the air or kiln 
drying of lumber. No disadvantage results from the use of 
urea for this purpose since urea is stable, nontoxic to the skin, 
and does not corrode tools that are employed for dressing the 
lumber. Urea-treated wood is said to be less susceptible to 
attack by fungi and rot than are untreated woods. 

Under the stress of war conditions cheap substitutes were 
sought for the expensive protein in the feed of livestock. Ex¬ 
periments have shown that urea could serve as a substitute for 
as much as one-third of the protein nitrogen in the rations. 
When this amount of urea was added to the diet, there was no 
noticeable decrease in the quality of the milk of dairy cows, and 
no failure to gain weight by beef cattle provided the diet was 
properly balanced. 

An interesting application of urea to medicine is its use in 
the treatment of infected deep wounds. In World War I badly 
wounded soldiers who could not be removed from the battlefield 
for a day or two often were found to have maggots in their 
wounds. Their recovery was very surprising. Later it was 
found that deep wounds that failed to heal quickly responded to 
treatment when maggots were put into them. An improvement 
of this technique was the growing of the maggots under anti- 
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septic conditions. Later research showed that the effective cura¬ 
tive reagent was the urea in the excreta of the maggots, so that 
now urea is employed in treating slowly healing wounds with¬ 
out the unpleasant association of the maggots. A 2 per cent 
solution of urea is said to be effective as a gargle for sore 
throat. Thiourea, H 2 N-CS-NH 2 , the sulfur analog of urea, 
when applied in 5 per cent aqueous solution as a momentary dip 
has been found effective in controlling decay of oranges. 

Urethane 

Carbamic acid, HO-CO-NH 2 , is not known in the form of the 
free acid, but only as its salts and esters. The ethyl ester is 
called ureikane. 

O— 

/ 

C :=0 

\ 

NH, 

Urethane 

Preliminary results indicate that urethane has a definite pallia¬ 
tive effect in the treatment of dreaded leukemia, a blood disease 
for which there is no known cure. 

Guanidine 

From a structural viewpoint guanidine can be considered as 
urea in which the oxygen atom of the urea has been replaced 
by the imino (=NH) group. 

NH, 

/ 

C=NH 

\ 

NH, 

Guanidine 

Guanidine gets its name from guanine, one of the purine bases, 
from which it was first isolated as a decomposition product. 
It is a rather common practice in organic chemistry to name a 
substance derived from another compound by dropping the 
final a or na in the name of the parent compound, and adding 
dine to form the name of the derivative. Guanidine illustrates 
this practice. 
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The principal importance of guanidine from our viewpoint 
is its occurrence as a part of the molecule of arginine, one ol‘ 
the amino acids. It also is a part of the molecules of creatine 
and creatinine, both of which are of physiological importance. 
Guanidine is found in sugar beets, where, as a water-soluble 
component, it passes into the molasses in the process of sugar 
manufacture. 

Preparation of Guanidine. —Guanidine can be prepared by 
the addition of ammonia to cyanamide. 

N NH, 

# / 

C + NH, C=rNH 

\ \ 

NH^ NH, 

Cyanamide Ammonia Guanidine 

Properties. —Guanidine is a colorless, crystalline, hygroscopic 
solid, which is soluble in water and alcohol. It is a strong base 
and absorbs carbon dioxide from the air. Witzemann found 
that the reactions of glucose in the presence of guanidine were 
similar to the reactions taking place in the presence of sodium 
hydroxide and potassium hydroxide. 

The nitric acid and the picric acid salts of guanidine are 
sparingly soluble and can be used for identification purposes. 

Creatine and Creatinine 

Creatine (methylguanidine-acetic acid) is distributed widely 
in animal tissues, being present most abundantly in muscles, 
where it plays an important role in muscle contraction. Its 
structure can be represented as: 

NH, 

HN=:C!^ 

^N~CH,COOH 

Jh, 

Creatine 

An adult human body has been estimated to contain about 100 
grams of creatine, the largest part of which is present in the 
muscles. 
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When creatine is heated in acid solution, it is transformed 
into creatinine. The reverse change takes place in alkaline 
solution to give a salt of creatine. 


NH 

HN=:C 

\ 

N—CII.COOH 


CH, 

Creatine 


acid 


alkal i 


H 

I 

N 

HN—^C=0 + H,0 



Creatinine 


Tn 0.5 N hydrochloric acid at a temperature of 117C., the 
change from creatine to creatinine is complete in about fifteen 
minutes. 

Creatinine, the inner anhydride of creatine, occurs normally 
in the urine. Prom 1 to 2 grams are excreted daily by the 
average adult. As was shown by Polin, the amount of creat¬ 
inine excreted is not readily infiuenced by the amount of protein 
in the diet or the amount of muscular work. 


Creatine Phosphate 

The isolation of creatine phosphate (phosphocreatine) from 
muscle was reported by Piske and Subbarow at approximately 
the same time the Eggletons isolated the same compound and 
named it phosphagen. The formula can be represented as 
follows: 

H OH 

y \ 

BNz=zC OH 

^N—CH,COOH 

Ah, 

Creatine phosphate 

Eggleton estimated that 80 per cent of the creatine in resting 
muscle is present as phosphagen. The stimulation of muscle 
causes, among other things, the hydrolysis of creatine phos¬ 
phate to creatine and phosphoric acid, liberating 120 calories 
per gram of phosphoric acid formed. 
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Study Questions 

1. Diagram type formulas for primary, secondary, and tertiary amines. 

2. What is the Hofmann reaction? Show equations for the preparation 
of ethyl amine using this reaction. 

3. Why is it not practical to prepare primary amines by the direct re¬ 
action of ammonia and an alkyl halide? 

4. How do primary amines resemble ammonia in chemical reactions? 

5. Explain the electronic structure of the nitrogen atom that makes pos¬ 
sible salt formation by primary aminos. 

6. How can the reaction of amines with nitrous acid be used to distinguish 
between primary^ secondary, and tertiary amines? 

7. What is a sensitive test for primary amines? 

8. Write an equation for the formation of substituted amines by the 
reaction of acetyl chloride with a primary and also a secondary amine. 
Why is not this type of reaction possible between a tertiary amine and 
an acyl halide? 

9. What is the formula for trimethylamine ? What are some natural 
sources of this amine? What distinctive physical property does it 
possess ? 

10. Write the formula for a quaternary salt, and give the equation for its 
formation. 

11. What types of product are obtained when quaternary salts are heated? 
Of what significance is this reaction? 

12. Under what conditions are quaternary salts optically active? 

13. How do the diamines differ in structure from primary, secondary, 
and tertiary amines? . 

14. Give formulas for diamines occurring in the x)utrefactive decomposition 
products of proteins, 

15. What is botulism? What precautions can be taken with home-canned 
foods to prevent any danger of botulism? 

10. By means of structural formulas show the relationship in structure of 
carbonic acid, phosgene, and urea. 

17. Of what physiological importance is urea? 

18. How was urea first synthesized? What theory accepted up until that 
time was disproved by its synthesis? 

19. Write the equation for the formation of urea from carbon dioxide, 
water, and ammonia. 

20. What are five or six uses for urea? 

21. Why were maggots effective as an aid in the healing of infected deep 
wounds in World War I? 

22. What is a use of calcium cyanamide? 

23. How is guanidine related to urea in structure? 

24. What is the physiological importance of creatine and creatinine? Write 
an equation for the interconversion of the two products. 
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25. Prom what pourcc was creatine phosphate first isolated? What role 
does this compound play in muscle contraction? 

26. What is the probable action of choline in the liver? What is the 
structural formula of choline? Of acetylcholine? 

27. How is neurine related to choline? 

28. What are betaines and where do they occur? 

References 

Barsky, G.: Chemistry of Cyanamide, Indust. & Engin. Chem. (News 
Ed.) 18: 759, 1940. 

von Richter, Victor: The Chemistry of the Carbon Compounds, ed. 3, 
New York, 1939, Nordemann Publishing Company, Inc. 

Karrer, P.: Organic Chemi.stry, New York, 1938, Nordemann Publish¬ 
ing Company, Inc. 

Werner, E. A.: The Chemistr 3 ^ of Urea, New York, 1923, Longmans, 
Green & Co. 

Dale, H.: Chemical Ideas in Medicine and Biology, Science 80: 343, 
1934. 

Childs, J. P. L., and Siegler, E. A.: Controlling Orange Decay. Thiourea, 
Thio-acetamide, 2-Aminothiazole, and Quinsol in Aqueous Solution, 
Indust. & Engin. Chem. 38: 82, 1946. 

Groggins, P. H.: Unit Processes in Organic Syntheses, cd. 3, New York, 
1947, McGraw-Hill Book Company. Chapter VI, Amination by 
Ammonolysis. 



CHAPTER XIV 


SUGARS 

Introduction. —The sugars are a group of similar compounds 
belonging to a larger class of substances known as carbohy¬ 
drates. Carbohydrates are the principal energy-giving foods 
for both plants and animals. The interrelationship of the com¬ 
pounds that will be discussed in this chapter and in the follow¬ 
ing chapter is shown by the accompanying outline. 

The term carhohydratc originated from the early observations 
tliat certain compounds composed of carbon, hydrogen, and oxy¬ 
gen contained hydrogen and oxygen in the i)roportions of two to 
one; that is, in the same ratio as in water. Moreover, these com¬ 
pounds, when heated in the dry state, decomposed to give carbon 
and water. These observations gave rise to the early designation 
of such compounds as ^‘hydrates of carbon,or carbohydrates. 
However, later olxsorvations showed that there were a number of 
compounds containing hydrogen and oxygen in the proportion 
of two to one that could not be classed as carbohydrates as, for 
example, lactic acid, CgllgOg. Also, there are compounds that 
belong to the class of carbohydrates that do not contain hydrogen 
and oxygen in the same proportion as in water—for example, 
rhamnose, CgHiaOQ, Thus the term carbohydrate is somewhat of 
a misnomer, but because it is generally understood, it continues 
to be used. 

Carbohydrates can be defined as polyhydroxy aldehydes or 
ketones, or compounds that yield these on hydrolysis. The sig¬ 
nificance of the definition will become clear as the fonnulas for 
the various carbohydrates are discussed. 

Monosaccharides 

We shall begin our discussion of the sugars with the simplest 
class, called the monosaccharides. These sugars contain but 
one aldehyde or ketone group. They cannot be broken down by 
hydrolysis to yield more than one sugar, as can the disaccharides 
and the trisaccharides, which will be discussed later. 
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atom written to the right. The l- sugars always have the 
hydroxyl group on the lowest asymmetric carbon atom written 
to the left. In dihydroxyacetone there is no asymmetric carbon 
atom, and no stereoisomer is possible. 

Tetroses.—There are six tetroses. Two are ketose sugars and 
the others are aldoses. Not all the D-tetroses rotate plane 
polarized light to the right, as might be expected from the name, 
nor are all the L-tetroses levorotatory. The attempt to classify 
sugars according to their actual effect on plane polarized light 
leads to a great deal of confusion; so, instead, the D-designation 
indicates that the compound is related to D-glyccric aldehyde 
with the hydroxyl on the bottom asymmetric carbon atom written 
to the right, and l- sugars are related to L-glyceric aldehyde 
with the hydroxyl written to the left. 

The student will save himself much confusion in studying the 
structure of sugars if he keeps the concept clearly in mind that 
the letters d- and l- ])laced before the name of a sugar are not 
abbreviations of dextro and levo. They have no relation what¬ 
soever to the optical rotation of a sugar. Any case in wliich a d- 
sugar is dextrorotatory is purely fortuitous. Instead of indicat- 
i]ig the direction of rotation, the letters d- and l- signify that 
the particuhu* sugar belongs to the d- or l- family of sugars, 
which can be considei'od as having been built up from d- or 
L-glycerie aldehyde. 

It is unfortunate that such a system was ever introduced, but 
it has been used so widely in the accumulated literature on 
carbohydrates that a change to a more logical system would cause 
even more confusion. 

Pentoses.— The four o-aldopentoses are: 


CHO 

CHO 

CHO 

CHO 

H—C—OH 

j 

HO—C—H 

1 

H—C—OH 

1 

HO—C—H 

j 

1 

H—C—OH 

1 

H—Ct-OH 

1 

HO—C—H 

HO—C—H 

j 

1 

H—C—OH 

1 

j 

H—C—OH 

j 

H—C—OH 

H-~C~OH 

CH,OH 

P-Ribose 

I 

CH,OH 

D-Arabinose 

j 

CH,OH 

p-Xylose 

1 

CH,OH 

p-Lyxose 
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The pentoses rarely occur free in nature, but more frequently 
are encountered in the form of pentosans, which are made up of 
many pentose molecules. Pentoses can be obtained from the 
pentosans by hydrolysis with acid. 

Arahinose, Both tlie d- form and the i.- form of arabinose 
are found in the combined state in nature, l- Arabinose, the most 
frequently encountered form, is obtained from gum arable, 
cherry gum, and beet pulp by boiling with dilute sulfuric acid. 
In the laboratory it is prepared by the acid hydrolysis of 
mesquite gum. l- Arabinose is dextrorotatory, d- Arabinose has 
been prepared by the hydrolysis of certain glucosides. 

Xylose. Xylose first was isolated from corn cobs by workers 
in the Department of Agriculture, ("orn cobs are a good 
potential source of this sugar, which is used in the synthesis of 
vitamin C. Straw, oat hulls, cottonseed hulls, and bran also 
can serve as vsources of L-xylose, which is dextrorotatory. 

Ribose. Eibose can be thought of as an important sugar, not 
because of any industrial use, but because it is a constituent of 
nucleic acids, which arc components of the cliromosomes that 
transmit hereditary characteristics. In fact, it was first dis¬ 
covered in nucleic acids. A closely related compound is desoxy- 
I’ibose, a pentose also piosent in nucleic acids. 


CHO 
H—i—H 
H—OH 

I 

H—C—OH 


OH,OH 

Desoxyribose 


Reactions of the Pentoses, A reaction typical of the pentoses 
is that with 12 per cent hydrochloric acid to generate furfural. 


H 


H 

I 


;ho 






-c- 

-C—1 

1 

1/; 

c 

'1 

0 — 

1 

OjH 

OH’ 


:oH 

h 


Pentose 


\h 12% HCl 


HC-CH 

hIj l—C^^ + 3H,0 

V 

Purfural 
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The formation of furfural by the action of acid is used as a 
test for the pentoses. Often it is important to determine the 
amount of pentosans present in feed stuffs, such as wheat bran. 
The pentosan-containing material is boiled with 12 per cent hy¬ 
drochloric acid, and the furfural in the distillate is precipitated 
quantitatively with thiobarbituric acid or phloroglucinol. 

Kiliani Synthesis.^—All aldose sugars react with hydrocyanic 
acid to form cyanohydrins. The hydrolysis of the nitrile, and 
the reduction of the acid to the aldehyde, yield a sugar con¬ 
taining one more carbon atom than the starting compound. 
This series of reactions is known as Kiliani's synthesis. The 
reaction is given for the pentoses because it will illustrate the 
formation of aldoses with one more carbon atom; namely, the 
hexoses. 



C=N 

^ I 

H—(:!~OH 

I 

HO-C—H 

I 

H—C—OH 

I 

H—C—OH 

I 

CH,OH 

i)-Glucoside nitrile 

C=N 

I 

HO—0—H 

I 

HO—G—H 


liydrolysiH and 
reduction 


hydrolysis and HO 


reduction 


H—C—OH 

4 


H 


OH 


CH,OH 

D-Manno8e nitrile 


cHo 

1 

H—C—OH 

I 

HO—<1—H 

I 

H—O—OH 
h4—OH 

(^HjOH 

D-Gluc08e 

CHO 

4—H 


I 


HO—C—H 
I 

H—0—OH 

H—4oH 

I 

CH,0H 
n-Mannose 


Since the law of probability operates in this equation, there is 
just as much chance of having the hydroxyl group formed on 
one side of the second carbon in the nitrile compound as on 
the other; accordingly, there will be two configurations for 
the cyanohydrins. Two hexoses, therefore, result from the 
reaction of a pentose with hydrocyanic acid. 
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The other reactions of the sugars, including pentoses, will be 
discussed for D-glucose, the most widely distributed monosac¬ 
charide. 

It seems likely that the pentoses in plants are formed from 
hexose uronic acids; hence, this aspect of pentose chemistry will 
be deferred until the uronic acids are considered. 

One function of pentoses is to increase the water-retaining 
powers of plants. They are present in the form of gummy, 
gelatinous substances that retain water tenaciously. The content 
of pentosans in cacti and other desert plants is especially high. 
Those who may have noted how long one of the cacti, prickly 
pear, remains green even when it is removed from soil will ap¬ 
preciate the effectiveness of this water retention by pentosans. 

Sexoses.—The hexoses are the most important class of 
monosaccharides. Of these, glucose is pre-eminently important 
and will be dealt with in some detail. Many of its reactions 
are given by all the sugars. 

Glucose.—Glucose occurs in the free state in many fruits. 
Ripe grapes, for example, contain 20 to 30 per cent of this 
hexose; hence the name grape sugarsometimes is given to 
glucose. Because it is dextrorotatory, it also is called dextrose. 
Glucose occurs normally in the blood stream to the extent of 
0.08 to 0.15 per cent. It is excreted in the urine if the disease 
diabetes mellitus is uncontrolled. As will be seen later, the 
metabolism of carbohydrates in the human body is largely the 
metabolism of glucose, because the other hexoses found in food¬ 
stuffs are converted to glucose in the body. 

Commercially* glucose is prepared by the hydrolysis of starch 
with dilute acid. In the United States cornstarch is used as the 
source of dextrose, but in Europe it is manufactured from potato 
starch. 

Chemical Structure of Glucose.—^Up to this point in the dis¬ 
cussion of carbohydrates we have assumed the formulas given 
for the various sugars to be correct without advancing any evi¬ 
dence to justify them. We shall now stop to consider some of 
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the lines of reasoning advanced for the structural formula of 
glucose. This procedure is applicable to the other sugars as 
well. 

1 . A quantitative analysis for carbon, hydrogen, and oxygen, 
and a molecular weight determination demonstrate that the 
molecular formula is CgHijOg. 

2 . Keduction of glucose with hydriodic acid gives a derivative 
of normal hexane, whicji shows that the carbon atoms in glucose 
are in a straight chain. 

3. Glucose reacts with hydroxylamine to form a mono»oxime, 
which shows that glucose contains only one aldehyde or ketone 
group. 

4. Mild oxidation of glucose yields a six-carbon atom mono- 
carboxylic acid (gluconic acid). This shows that glucose con¬ 
tains an aldehyde group at one end of the chain. 

5. Oxidation of the monocarboxylic acid gives a six-carbon 
atom dicarboxylic acid, saccharic acid. This result indicates 
that there is a primary alcohol group at the opposite end of the 
chain from the aldehyde group. 

6 . Acetyl chloride reacts with glucose to yield a penta-acetyl 
derivative. This demonstrates the presence of five hydroxyl 
groups in the molecule. 

On the basis of these results and others we can write the struc¬ 
tural fonnula for D-glucose as: 


CHO 

H—i—OH 
HO—<!^-H 

I 

H—0—OH 

H—^OH 

D-Qlucose 

The evidence that has been presented does not give us the 
configuration of the molecule—^that is, the spatial relationships 
of the hydrogens and the hydroxyls, but this can be proved by 
another line of reasoning. The structural formula for glucose 
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tliat shows its configuration is the one we shall use in discussing 
the reactions of glucose. It is, therefore, preferable to use this 
formula of glucose from the beginning. 

Chemical Reactions of Glucose.—The chemical reactions un¬ 
dergone by glucose are typical for most of the sugars; therefore, 
they are the only one.s tliat will be dealt witli in detail in our 
discussion of sugars. 

1 . The formation of an osazone by the reaction with phenyl- 
hydrazine shows the presence of the aldehyde group in glucose, 
and is also a useful reaction for characterizing glucose and the 
other sugars. The first step in the reaction is the formation of a 
hydrazone. The Jiydrazones of all the sugars excejit mannose aj*e 
soluble in water; hence, with tJie exeej>tion of mannose hydra- 
zone, they are not useful for identification ])urposcs. After the 
formation of the liydrazone, the excess of phenyl hydrazine acts 
as a mild oxidizing agent, and converts the alcohol group on 
carbon atom number two to a carbonyl group. The carbonyl 
group thus formed then reacts with another molecule of ])henyl- 
hydrazine to form the osazone. 


w 

1 

-o 

II 

o 


H—C^NNIPVII, 

H—0—OH 

1 


j 

H-~CV-0H 

1 

HO—C-~H 

1 H.NNH<yi, 

1 

HO—0—H + H, 

j 

H—(>- OH 


J 

H—C-OH 

j 

H—0—OH 


j 

H—CV-OH 

j 

('h,OH 


j 

cKfin 

D-Glucose 

PlieiiyL 

OliicoHe 


hvdiJizinp 


liydrazone 


H—C“-NNHOeH, 

H—C~OH 

HO—i—H + HjNNHC.H, -> 

I 

H—C—OH 

I 

H—C—OH 

I 

CH,OH 

Glucose 

liydrazone 


HC=:NNH(\H, 

Lo 

I 

HO—O-H + NH, + CjHjNH, 

H—O—OH 

I 

H—C—OH 

I 

CH,OH 

2* Keto-glucose Aniline 

hydrazone 
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HC=:NNH(i.H, 

I 

C=0 

I 

HO—C—H + H,NNHC„H, 

H—([;—OH 

I 

H—C—OH 

I 

CH,OH 

2-Koto-glucose 
liydrazone 


H—C=:^NNHGeH, 
C=:NNHC«H, 

I 

HO--C—H + HjO 

I 

H—C—OH 

I 

H-C—OH 

I 

CH,OH 

Gliieosazone 


Tlie osazoiies are much used in the identification of sugars for 
several reasons, (a) They have a characteristic crystalline form, 
which can be observed under the microscope, (b) The time of 
formation of the osazones is different for the various sugars, 
(c) The osazones are highly colored (brilliant green or* bright 
yellow), and when purified have definite melting points. 

2 . In common with other aldehydes, glucose is oxidized easily. 
One of the commonly used reagents is Fehling’s solution. This 
reagent is prepared just before use by mixing equal volumes of 
two solutions that we shall call A and B. Solution A con¬ 
tains about, 7 per cent copper sulfate, and solution B is about 
10 per cent sodium hydroxide and 34 per cent Rochelle salt 
(sodium potassium tartrate). The purpose of the tartrate is to 
form a soluble complex with the copper hydroxide resulting from 
the reaction of the sodium liydroxide and the copper sulfate. In 
the absence of tartrate the blue gelatinous precipitate that would 
be formed would turn black on heating, and thus obscure the 
result of the test. The alkali acts on the sugar to break it into 
reactive fragments. 


Glucose 4- Fehling^s solution —> Cu^Ot + Oxidation products 

Cuprous oxide, 
a bright red precipitate 


By carrying out the reaction under carefully controlled con¬ 
ditions, Fehling’s solution can be used for the quantitative de¬ 
termination of glucose or other reducing sugars. The cuprous 
oxide formed can be weighed and the corresponding weight of 
reduced sugar calculated. 
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Benedict's solution also is used to test for the presence of glu¬ 
cose. It contains sodium citrate, sodium carbonate, and copper 
sulfate. Benedict’s solution is a milder reagent than Fehling’s 
and is more sensitive to small quantities of sugar. For this 
reason, it is preferred to Fehling’s for detecting glucose in urine. 



A, 


Fig. 43.— A, Glucosazone. R, Galactosazone. (Reprinted by i>ermisslon. 
From Morrow and Sandstrom: Biochemical Laboratory Methods, John 
Wiley & Sons, Inc.) 


When a solution containing glucose and the reagent is heated, 
there is a progressive change in the color of the precipitate from 
a greenish yellow to brick red with increasing amounts of sugar. 

3. The reducing power of glucose is utilized in the silvering 
of mirrors. 

NH,OH 

Glucose + AgOH- > Agj, 4 Organic acids 

Silver Silver 

hydroxide mirror 
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4. Glucose, on mild oxidation with sodium hypobromite, gives 
gluconic acid, a six-carbon monocarboxylic acid. 


H—0=0 


(inoH), 

Glucose 


COOH 

NaOBr 1 

+ (O)-> (OHOH), 

(!:h,oh 

Gluconic acid 



B. 


5. On more vigorous oxidation glucose gives saccharic acid, a 
six-carbon dicarboxylic acid. 


CHO 

(inoH), 

^HjOH 

Glucose 


COOH 

dU. HNO, 1 
-^ (CHOH), 

ioOH 

Saccharic acid 
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If tJie solution of saccharic acid is evaporated to a small vol¬ 
ume and carefully neutralized with potassium hydroxide, 
crystals of the sparingly soluble jnonopotassium salt of saccharic 
acid will separate. They have a definite crystalline fonn that can 
be identified under the microscope. This procedure can be used 
in testing for the presence of glucose in an unknowui solution. 



A. 


Fig. 44.— A, Maltosazone. B, nactosazone. (Reprinted by permission. 
From Morrow and Sandstrom: Biochemical Laboratory Methods, John 
Wiley & Sons, Inc.) 


6. The aldehyde group in glucose can be reduced by means of 
sodium amalgam to a primary alcohol group. Sodium amalgam 
is prepared by grinding metallic sodium and mercury together 
in a mortar. It contains about 97 per cent mercury and 3 per 
cent sodium. 


CHO 

(inoH), 

Idh,oh 

D-Glucose 


CH,OH 

NaHg I 

-> (CHOH), 

(IjH-OH 

bSormtol 
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D-Sorbitol occurs in the ripe fruit of the mountain ash. It is em¬ 
ployed in the manufacture of synthetic ascorbic acid (vitamin 
C). 

7. Glucose reads with hydrocyanic acid to give a cyanohydrin 
from which a heptose can be obtained by methods similar to 
those outlined for converting arabinosc into hexoses. 



B, 


Cyclic Structure of Glucose. —There are several reactions 
typical of an aldehyde, such as acetaldehyde, that are not given 
by glucose, (a) Glucose does not form a sodium bisulfite ad¬ 
dition product, (b) It does not decolorize fuchsine reagent, 
(c) In addition, the reaction with hydrocyanic acid takes place 
at a much slower rate, and is more difficult to l)ring about than 
with a typical aldehyde. 

When anhydrous glucose is dissolved in a dilute solution of 
acetic acid and allowed to crystallize slowly at room temperature, 
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a form of glucose separates out that has a specific rotation of 
+110°. This form is designated a-D-glucose, When its aqueous 
solution is allowed to stand, its specific rotation gradually 
changes to an equilibrium value of +52.5°. A trace of alkali will 
cause this change in optical rotation to take place in a few min¬ 
utes. 

If anhydrous glucose is dissolved in water, and glacial acetic 
acid is added, and the solution is heated to nearly 100° C. for 
a half hour or more, a form of glucose separates almost as soon 
as heating is stopped. This form of D-glueose has a specific 
rotation of +19°, and is called ^-v-glucose. When /?-i)-glucose 
stands at room temperature, it, too, slowly clianges its specific 
rotation to an equilibrium value of +52.5°. This phenomenon is 
known as mutarotation. Mutarotation can be defined as a change 
in the specific rotation of a freshly dissolved sugar solution to a 
constant value. This interrelationship can be represented as 
follows: 

+110" +19" 

V__ ) 

Y 

tt-D-Glucose /3-i)-Gliicose 

+52.5" 

Equilibrium value 

To explain mutarotation, a closed-ring or hemiacetal formula 
for glucose was proposed, inasmuch as it allows for two modifica¬ 
tions of D-glucose, since a fifth asymmetric carbon atom thus is 
introduced into the molecule. 


H—C—OH 

i-H 


H- 
HO~ 

H—C—OH 
H- 


-i- 


O 


CH,OH 

a-D-Glucose 


HO—H 

H—i—OH 

HO* d ?". Jtjt 

I 

H—C—OH 
H- 


1 


0 


(!jh,oh 

)5*i)‘Glucose 


As an aid to understanding we can think of the oxide ring as 
having been formed by the union of a hydrogen from the hy¬ 
droxyl on carbon five with the carbonyl group on carbon one. 
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It has been postulated that the carbon atoms in the glucose mole¬ 
cule exist in a sort of spiral, so that the first and the fifth carbon 
really are close together in space. Consequently, it is easy for 
the hydrogen from the hydroxyl on the fifth carbon atom to com¬ 
bine with the carbonyl group. This type of combination is simi¬ 
lar to that in the lactones formed by gamma and delta hydroxy 
acids, and also to the hemiacetals formed by the reaction be¬ 
tween an aldehyde and an alcohol (sec page 246).* 

There is evidence tliat glucose in solution exists mainly in 
the form of a delta lactone. The student reasonably may wonder 
why, if glucose exists chiefly as the delta lactone fomn, it ever 
gives aldehyde reactions. The explanation offered is that the 
delta lactone forms are in equilibrium with a small but definite 
amount of the free aldehyde form. Thus, when a reagent is 
added that reacts with the aldehyde group, the equilibrium is 
disturbed and the lactone opens up to give more of the aldehyde 
form. As the aldehyde form is removed from the solution, more 
of the lactone form is transformed into the aldehyde form in 
order to maintain the equilibrium. This explains why D-giucosc 
can react as an aldehyde. It also explains why the addition of 
hydrocyanic acid to glucose proceeds at a rate mucli slower than 
its addition to aldehydes such as acetaldehyde, since it is assumed 
that time is consumed in the transformation of the delta lactone 
form to the aldehyde structure. 

Haworth, one of the outstanding workers in the field of carbo¬ 
hydrates, proposed the so-called perspective formula for repre¬ 
senting the spatial configurations of the i)yranose structure in 
sugars. There are five carbons and one oxygen united in a closed 
ring. In order to show the relative positions in space of the 
hydrogens and the hydroxyls, vertical lines are drawn at the 
positions of the carbon atoms in a regular hexagon. In the 
straight-chain formula the hydrogens and the hydroxyls that are 
written to the right appear at the bottom of the short vertical 
lines in the perspective formula. Those hydrogens and hy¬ 
droxyls that are written at the left of the vertical carbon chain 

•The closed ring- in glucose and many of the other sugars Is described in 
several ways: as an aniylene oxide ring, a delta lactone, or the sugar is 
said to possess a pyranose structure. Other ring forms may exist, such as 
ethylene, propylene, butylene oxide rings, and are thought to be responsible 
for an active form of glucose, 7 -glucose. 
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are^placcd at the top of the small lines in the perspective formula. 
The heavy lines in the Iicxagon arc to convey tJie idea of three 
dimensions; hence, in viewing* a perspective diagram, one should 
think of the plane of the ring as j'eccding pei’pendicular to the 
plane of the page. Actually, the members of the ring are not 
in the same plane, but it is not possible to show this variation 
even in a perspective formula. Here again, as with the isomers 
of lactic acid, it is highly desirable to have models in order to 
see the three-dimensional relationshiios. 




The advantage of the poi*s})ective formulas and the reason that 
they are coming into common use is that they portray the idea 
of three-dimensional rclationshiios better than do the older 
straight-chain type of formulas. The su])eriority of the per¬ 
spective formulas in sliowing spatial relationships in the sugars 
will become evident when we examine the structural formulas 
for the disaccharides. 

Although the matter is still somewhat controversial, especially 
for the ketose series of sugars, it has become the practice among 
cliemists to write the a-modification of sugars with the hydroxyl 
of carbon one on the same side as the hydroxyl on carbon two, 
while in the fi-ionii the hydroxyl on carbon one is written on the 
side opposite to the hydroxyl on carbon two. 



H()-c 


H 


H~~(n-()n 1 

I I 

a* Form 


H—C—OH 1 

1 I 

Form 


♦The numbering’ shows the relative position of the carbon atoms as com¬ 
pared with their positions In the open chain or aldehyde formula for 
D-glucose. The carbon atom one corresponds to the carbonyl carbon atom. 
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Another line of evidence for the existence of glucose as a 
closed-ring compound is furnished by the existence of two methyl 
derivatives of glucose that have distinctly different properties. 
If a-D-glucosc is dissolved in cold method alcohol, and tlie solu¬ 
tion is saturated with dry hydrogen chloride gas, the hydrogoi 
of the hydroxyl on the first carbon atom is re])laced by a methyl 
group. 


H-- c - OH 

I 

H--C- - OH 

I 

llO-C-Jl 

I 

H--C--C)H 

I 

H C - 

I 

('H,OH 

llK'OSC 


I 

H- O-OCH, 

I 

11- O-OH 

! 

(•H,on iio~c—n 

-^-I O f HX) 

HCl H -CV-OH 

I 

H--(^- - 

t 

(UI./)H 

n Mothyl-o-gfucoside 


A com])ound a-)i\(ih\fl-\>~(jhicosi(lv. n^sults fi'om the reaction. 
This is the first mention of a class of com]>ounds called tlie 
giucosidcs, a type of ear])ohydrate that will be discuissed later in 
more detail. If /^-n-glucose is tr'cated in the sami' manner as was 
described for a-n-glucose, a methyl derivative also is obtained. 
The formulas of tlie two methyl glucosides are shown for the 
sake of com))ariso]i. 


H - (Iv-OOH, 

I 

H - C—OH 

! 

HO--X--H () 

I 

H—cr-OH 

I 

H.„(:- 

I 

CH,OH 

ttMethyl-i)-glucoside 
(specific rotation = +.159®) 


Clip 
H— 

i 

IIO--C—H O 

! 

H-xr-oH 
I 

H-~(^- 


CH.OH 

jei-Metliyl'i>glucosicie 
(specific rotation -S4®) 


The two methyl glucosides exhibit wide differences in their 
specific rotations. The alpha form has a speedfie rotation of 
+159°, while that of the beta form is -34°, In addition to this 
variation in specific rotation, the two glucovsides arc hydrolyzed 
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by different enzymes. «-Methyl-D-glucosides are hydrolyzed only 
by maltase, while ^-methyl-D-glueosidcs are hydrolyzed by the 
enzyme emulsin, but not by maltase. As we shall see later, 
enzymes are substances formed by living cells. One of their most 
characteristic properties is their specificity. Their action has 
been compared to that of a lock and key. 

Mannose.—Mannose differs from glucose only in the position 
of the hydroxyl group on the carbon atom adjacent to the 
carbonyl group. Since osazone formation affects only the first 
two carbon atoms, glucose and mannose form the same osazone. 
Mannose occurs abundantly in nature in the form of complex 
condensation products called mannans. Orange peel contains 
a small amount of free mannose. The chief source of the sugar 
is vegetable ivory, the endosperm of the seed of the tagua palm. 
Vegetable ivory is used for making buttons, such as are used 
on overcoats, and mannose is prepared by the acid hydrolysis 
of the trimmings and scraps from the button industry. 

The naturally occurring dextromannose can be fennented by 
yeast, but the levo form cannot. 

CHO 

HO—C—H 

I 

HO—C—H 

I 

H—C—OH 

I 

H—C—OH 

I 

CH,OH 

D-Mannose 

D-Mannose, on reduction with sodium amalgam, gives the 
hexahydric alcohol, D-mannitol. It is the most abundant natu¬ 
rally occurring hexahydric alcohol, and is found in pineapples, 
carrots, turnips, and onions. o-Mannitol is present in silage to 
the extent of 0.5 to 2.5 per cent, having been formed by the 
bacterial reduction of sugars. 

D-Mannitol now is prepared industrially by the electrolytic 
reduction of n-glueose. Inorganic salts in the reduction mix¬ 
ture bring about the tautomeric change of glucose to mannose. 
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which then is reduced to the hexahydric alcohol. When it is 
nitrated, mannitol forms a valuable explosive. 

Galactose. —Galactose does not occur to any extent in the 
free state in nature, but it constitutes one-half of lactose, the 
sugar in milk. It is present also in plant gums and in muci¬ 
lages. It is a constituent of the cerebrosides found in the brain 
and in nerve tissue. In the mammary gland of lactating animals, 
galactose is formed from glucose, and subsequently is used in the 
synthesis of milk sugar. It has never been possible to bring 
al)out this change from D-glucose to D-galaclose in vitro,^ 

In the laboi*atory, galactose often is prepared by the hydrolysis 
of sawdust of the Western laivh. 

The reactions of i)-galactose are, in genei’al, the same as those 
given by the other aldoliexoses. On oxidation with dilute nitric 
acid, mucic acid is formed. Mucic acid is sparingly soluble in 
water, and has a characteristic crystalline form that often is used 
for the identification of galactose in an unknown mixture. Mucic 
acid differs from saccharic acid, formed by the oxidation of 
glucose, in the configuration on carbon atom four. 


CHO 

H—C- OH 

HO- C~-H 
I 

HO- ~C—H 

I 

H—C—OH 

I 

CH.pH 

Galactose 


OOOH 
H--C—OH 

I 

HO-~C--H 

I 

HO—C—-H 
I 

H—C—OH 

I 

COOH 
Mucic Acid 


Galactose on reduction gives the hexahydric alcohol, dulcitol, 
which is of little industrial importance. 

Fructose. —n-Pructose, or fruit sugar, is found free in many 
fruits along with glucose. About half the sugar in honey is 
fructose. (Most of the remainder is glucose.) It is the sweetest 
sugar known. In the combined form d- fructose is widely dis¬ 
tributed, since it comprises one-half of the molecule of ordinary 
table sugar, sucrose. The polysaccharide inulin is composed of 


*In vitro (“in glass’') means brought about in the test tube, In contrast 
with in vivo (“In the living"), meaning brought about in the living organism. 
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iructose units. Inulin is the reserve stora,£?e carbohydrate that 
occurs in the roots of dahlia, Jerusalem artichokes, and the ti 
plant of tJie Hawaiian Islands. 

D-Fructose is levorotatory, its sf)ccific rotation bein^’ -93^'. 
For this reason, fructose often is known as levulose. 

Fructose is a kctonic, ratlier than an aldehydic, sugar. This 
is demonstrated by the fact that on oxidation it does not yield an 
acid with the same number of carbon atoms as the starting mate¬ 
rial, but rather breaks at the point of the ketone group to form 
aends of lower carbon content. 


enroll 

I 

(':™0 

j (Breaks here on 

.j'. oxidation) 

no—c—H 
II—i—on 

H-J’—on 

(^:H,on 

D-Fruci ose 


Interconversion of Fructose, Glucose, and Mannose.— If w(‘ 

consider the formulas of n-fiaictosi^ n-gliicose, and D-mannoS(‘, 
we can see that the only difference in structure of the tliree is in 
the configurations' around the first two carbon atoms. This is 
an important factor in a transformation that occurs in the pres¬ 
ence of dilute alkali. If any one of the three sugars is allowed 
to stand in the i)resence of very dilute alkali, such as 0.05 N cal¬ 
cium hydroxide, it can be shown by qualitative tests that the solu¬ 
tion contains a mixture of all three sugars. This is known as the 


CHO 

H—i—OH 

CHO 

HO—(!^-H 

1 

1 

HO—C—H 

HO- 

-(^-H 

H—i—OH 

H- 

-<!>-oh 

H—OH 

(Ih/IH 

D-CtlucOHe 

H- 

1 

-C—OH 

1 

CH,OH 

a-MaimoKe 


CH,OH 

0=0 

HO—0—H 

H—C—OH 

H—i—OH 

1 

CH,OH 

i)-Frii(*dos« 


H—C—OH 


C—OH 
HO—dj—H 
H—OH 

H~t)““OH 

(!ih,oh 

Coraraon 1*2 dienot 
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Lohry de Bruyn transformation. The explanation offered is tliat 
the intereonversion takes place throuj^h an intermediate enol 
form common to all three. The term enoUzation sometimes is 
used to describe the change. 

Enolization is not only of theoretical interest; it is a possible 
mechanism for the intereonversion of these sugars in the living 
organism. Fructose reduces P^ehling's solution, as do the aldo- 
hexoses, possibly because of the ease of conversion to one of the 
aldehyde forms in Fchling’s solution, which is alkaline. 

Osazone formation takes place more rapidly with fnu'tose than 
with the aldohexoses. Fructose forms the same osazone as do 
n-juannose and n-gliicose. 

n-Fructose, the naturally occurrijig form, is fermented l)y 
yeast, but the L-form is not. 

‘‘Sema])hore diagrams” are used souK^Umes as a convenient 
shorthand method of writing sugar formulas. A straight ver¬ 
tical line is used to indicate the carbon chain, a circle at the top 
to represent an aldeliyde group, and a long horizontal line to 
represent a primary alcohol group. The i)ositions of t]\e liy- 
droxyl grou])s are shown by shoi't horizontal lines on one side or 
the other of the line I’opresenting the carbon chain. The formu¬ 
las of the sim])le sugars, using the semajdiore diagrams, can be 
written as: 

O O 

I I 


D-CUncoso Ji-Marino.MC d Pruclose D-Cialactose 

Disaccharides 

The disaccharides can be considered as formed by the union 
of two monosaccharides with the loss of one molecule of water. 
All of them, therefore, have the molecular formula C 1 .JT 22 O 11 . 
There are two large classes of disaccharides: the reducing 
sugarvS, Avhich include maltose or malt sugar, lactose or milk 




336 


ORGANIC AND BIOLOGICAL CHEMISTRY 


sugar, and cellobiose; and the nonreducing sugars, which in¬ 
clude sucrose, trehalose, and others. 

Reducing Disaccharides.—Maltose. Maltose, or malt sugar, 
does not occur in the free state in nature. However, in the 
combined form it is widely distributed in the form of starch in 
the higher plants, and as glycogen in the animal body. Maltose 
is produced from barley by the malting process. Essentially, 
this process consists of the sprouting of barley under controlled 
conditions. The enzyme diastase formed during the sprouting, 
hydrolyzes some of the starch in the barley to maltose. This 
germinated barley is known as green malt. Dry malt is ob¬ 
tained by carefully drying the green malt at a low temperature 
so as not to de.stroy the enzyme. Dry malt is the form that is 
used in making beer and other malted beverages. If either 
green or dry malt is extracted with water and the solution is 
evaporated, the syrup obtained consists chiefly ol; maltose. This 
explains why the sugar frequently is called malt .sugar. 

In the human body .starch is hydrolyzed by enzymes in the 
saliva and pancreatic juice to maltose (see pages 604 and 605). 

Structure of Maltose. —Before we can write the structural 
formula of a disaccharide, it is necessary to have four items 
of information ; 

1. The monosaccharides yielded on hydrolysis. 

2. The configuration, « or /3, of the group taking part in the 
disaccharide union. 

3. The carbon atoms involved in the union between the 
monosaccharides. 

4. The kind of lactone ring present in the individual mono¬ 
saccharides. 

We shall now consider the evidence for the accepted struc¬ 
ture of maltose. 

1. There are two general methods of hydrolyzing compound 
sugars: first, by enzymes; and second, by acids. Maltose is 
hydrolyzed by the enzyme maltase to give two molecules of 
D-glucose. Dilute acids also hydrolyze it to two molecules of 
D-glucose. 
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2. It has been established by a number of investigations that 
maltase hydrolyzes a-glucoside linkages but does not split j0-link- 
ages; therefore, maltose must contain an a-glucoside linkage, 
since it is hydrolyzed by maltase. Maltase hydrolyzes not only 
the a-linkage in maltose, but also the a-gliicoside linkage in any 
sugar. 

3. and 4. The methylation studies of Haworth demonstrated 
which carbon atoms are involved in the linkage between the two 
glucose molecules, and also the kind of lactone rings present in 
each of the glucose molecules in maltose. In order to simplify 
the explanation of Haworth’s work, we shall anticipate the 
formula for maltose, and then show the steps in the methylation 
studies that definitely establish the formula for maltose. 

I II III IV 




2, 3, 6»Trimethyl 
glucose 


2, 3, 4, 6-TetramethyI 
glucose 


Methyl 

alcohol 
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If all the free hydi'oxyl groups in maltose ai*e completely 
methylated by treatment with methyl sulfate and a(jueous alkali, 
a methyl maltose derivative is obtained. When this derivative 
is hydrolyzed by acid to its constituent sugars, 2,3,6-trimethyl 
glucose and 2,3,4,6-tetramethyl glucose are obtained. 

There is no methoxy (—OCHg) grou]) on number one carbon 
of V, because the acetal type of linkage on carbon number one 
in III easily splils off during the acid hydrolysis. The other 
methoxy groups in III and IV' arc etheT‘s that arc relatively 
stable to acid hydrolysis. 

By means of a series of reactions too complicated to include 
here, the mixture of V" and VM, the two methylated glucoses, can 
be separated into its eom])onents, which can be identified. The I'C- 
sults show that the number four carbon atom of V must have been 
involved in some sort of union, since there is no free hydroxyl on 
this carbon atom available for methylation. AV’^e know that in 
all disaecharides one of the reducing groups is lost in the union 
between the two monosaccharides; therefoi'C, carboii atom num¬ 
ber one of one of the glucos(? units is involved in a Ihikage. Pre¬ 
vious studies on glucose had demonstrated that the most common 
form of oxide ring was the delta lactone. Since thefe is no meth¬ 
oxy groujj on numlx'r five carbon atom in and VI, it is logical 
to conclude that the oxide rings in the two units of maltose are 
delta lactones. The linkage between the two monosaccharid('s, 
therefore, must be a one-four-carbon atom linkage. The re¬ 
sults show that formula I is the true structure of maltose. The 
])erspcctivc formula of maltose is: 



(a-glucoside a-glucose) 

From the two ways of writing the structural formulas of 
maltose, it becomes evident why the perspective formulas are 
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preferred to tlie sti*aight-c]iain formulas. Valeiiees eannot be 
thought of as Ixuiding sharp eoriiers and extending through 
molecules. 

The poteiiiial aldehyde gi'oup in one of tlie glucose units in 
maltose is free (cii'cled in the above formula). The reducing 
properties of maltose are dependent on this fact. Maltose ex¬ 
hibits the reactions characteristic of all typical reducing disac- 
(‘harides: 

1. It fonns an osazonc. Maltosazone is soluble in hot water, 
but separates out on cooling. 

2. It reduces Fehling's solution. 

3. It exliibits mutarotation. It is difficult for the beginner to 
visualize the point at which this rotation takes place in the 
disac(*harides when tlie perspective formula is used. As is easily 
seen in tlie straight-chain formidas, the mutarotation takes place 
on carbon number one in the glucose unit tliat carries the 
potentially free aldeliyde group. Obviously, the rotation takes 
place at the sa^ue spot in the perspective formula, although the 
reason that this is the only spot at which mutarotation can take 
place may not be so evident at first glance. The question often 
is asked by the uninitiated why mutarotation does not take 
place at the ^'oilier end’’ of the two hexagons. The carbon in 
question is the number four carbon atom, and mutarotation can 
take place only on a terminal carbon atom. In the perspective 
formulas a circle sometimes is drawn around the group capable 
of mutarotation. 

The disaccharides really are glucosides, as is methyl gluco- 
side (see page 331), the difference being that a sugar molecul(‘ 
has replaced the nonsugar group in other types of glucoside 
(e.g., methyl glucoside). In the system used for designating 
which monosaccharide has lost its reducing group in the di¬ 
saccharide union, an idr ending is used. For example, a-D-gluco- 
side signifies that the carbonyl of this glucose molecule is in¬ 
volved in the disaccharide union. 

Maltose is the sweetening agent in various malt syrups. The 
sugar sometimes is used also in infant foods. 

Cellobiose. —Another reducing disaccharide is cellobiose. It 
is well named since it is obtained from cellulose and contains 
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two sugar units. If a pure form of cellulose, such as filter pa¬ 
per, is acetylated and carefully hydrolyzed, an acetyl deriva¬ 
tive of cellobiose is obtained. When cellobiose is split by dilute 
acid, only glucose is obtained. The carbohydrate is not hy¬ 
drolyzed by maltase, which shows that it does not contain an 
a-linkage. It is hydrolyzed by ernulsin, and thus has a yS-glu- 
coside linkage between the two molecules. Methylation studies 
have shown that numbers one and four carbon atoms of the two 
glucose molecules arc involved in the glucoside linkage. Also, 
the sugars have been shown to have a pyranosc structure. 


CH,>OH CH 2 OH 



a-Cellobiose 
(/3-gliicoside a*g]ucose) 


The slight difference in the linkages of cellobiose and maltose 
strikingly illustrate the importance of small details of struc¬ 
ture. Maltose is the princix)al constituent of starch, and cellobi¬ 
ose makes up the main part of cellulose. The only difference be¬ 
tween the two disaccharides is that one has an a:-glucoside link¬ 
age, while the other contains a ^-glucoside linkage. We might 
say, therefore, that the slight difference between the a- and the 
/?-glucoside linkages accounts for much of the difference in the 
digestibility of bread and wood. 

Lactose.—Lactose is the disaccharide that occurs in cow^s 
milk to the extent of about 4 per cent. It is the only carbo¬ 
hydrate found in the milk of all animals. Lactose forms an 
osazone that is soluble in hot water and separates on cooling. 
Since it is a reducing sugar, it exhibits mutarotation and reduces 
Fehling^s solution. On hydrolysis, either by acid or by the 
enzyme lactase, lactose yields n-glucose and D-galactose. It is 
not hydrolyzed by maltase; hence it does not contain an a-glu- 
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coside linkage. It is hydrolyzed by emulsin; accordingly, it is 
known to contain a )0-linkage. When lactose is oxidized with a 
mild oxidizing agent, it gives lactobionic acid, an acid containing 
a carboxyl group in place of the potentially free aldehyde group 
in the molecule. When lactobionic acid, in turn, is hydrolyzed 
by a mineral acid, gluconic acid and galactose are obtained. 
Hence the conclusion follows that the reducing group of glucose 
must be free in lactase (i.e., not tied up in the disaccharide 
linkage), since gluconic acid is the oxidation product of glucose. 
Lactose is known, therefore, to be a glucose-galactoside sugar. 

The methylation studies of Haworth definitely established that 
the number four carbon atom of glucose is involved in the disac> 
charide union. These studies also establLshed the presence of 
delta lactone rings in the njonosaceharides of lactose. With this 
information the structural formula for lactose can be written: 



of-Lactose is the usual form encountered, but if the disae- 
charide is crystallized above 95^ C., the form is obtained. 
This transformation is important because ^-lactose is more solu¬ 
ble and has a sweeter taste than the a-form. Lactose is only about 
one-sixth as sweet as cane sugar, and is less soluble in water 
than the other sugars. jff-Lactose is used in infant food when 
it is necessary to get as much lactose as possible into solution and 
to have the mixture palatable. ^-Lactose is obtained by spray¬ 
ing a-lactose into heated, rapidly revolving drums. 

Lactose is fermented only slightly or not at all by ordinary 
yeasts. Certain bacteria, however, convert it to lactic acid. As 
was mentioned previously, lactic acid is produced commercially 
from the lactose in whey. 
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Nonreducing Disaccharides.—Sucrose. Sucrose is the most 
common and, commercially, the most imjjortant disaccharide. 
It is the substance usually referred to as ‘'sugar.Sucrose is 
widely distributed in plants, and is found in varying amounts 
in practically all plant cells. In the stalk of sugar cane it con¬ 
stitutes from 12 to 20 i^r cent of the green weight. About 15 
to 20 per cent of the fresh weight of sugar beets also is sucrose. 
Sugar cane and sugar beets are the two commercial sources of 
this disaccharide. Sucrose also is present in considerable quan¬ 
tities in the sap of sugar mai)le and in the stalks of sorghum 
cane. These, howev(‘r, are not used as sources of the crystalline 
product. 



Fig. 45.—Sugar cane sticdlings being fed into Uie hoppers of a tractor- 
driven machine that fuirowa, plants, fertilizes, and covers the seedlings at 
the rate of 12 acres a day on one of the scientific farms in the Territory of 
Hawaii. (Courtesy of the Pan-Pacific Press Bureau Photo.) 


Sugar has an interesting history. There are references to it 
in the Chinese literature of 700 b.c. The soldiers of Alexander 
the Great, returning from India, told stories of "wool without 
sheep and honey without bees.'’ We know now that they were 
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referriii}^- to ooltoji cUid suj»ar oaiio. 'riH3 Ai*al)s kiKJw of the cul¬ 
ture of suj^ar cane. As tlio Mosl(‘in sickle moved south and west¬ 
ward, it carried tlu* knowled^i* of cane culture with it. 

3dic Arabs brought to Euro])e a kind of edibh^ gravel that the^^ 
called '‘sukkar.” They brought to S})ain such advances in 
civilization as arithmetic, algebra, soa]), and sugar cane. The 
Spanish concpiistadors introduced sugar cane to the unwilling na¬ 
tives of the West Indies, wliere it has floui'ished ever since. 



Fig. 46.—Cane field in Hawaii. This is a typical field of sugar cane in 
the United States Territory of Hawaii, which normally produces about one- 
sixth of the nation's domestic suppl 3 ^ (Courtesy of the Pan-Pacific Press 
Bureau Photo.) 


The most intensive cultivation of sugar cane, and probably the 
most profitable, is carried out in the Territory of Hawaii where 
there are about 250,000 acres of sugar plantations. On these 
plantations, much of the jdanting is doin^ by machinery to elim¬ 
inate hand labor. As Fig. 45 shows, cuttings rather than seeds 
are used for planting. More cliemical fertilizer is used for 
Hawaiian sugar cane than for any other staple crop in the 
world. The annual bill for such material ranges between 4 
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and 7 million dollars. Each pound of sugar in growing re¬ 
quires approximately 4,000 pounds of water. 

The cane is mature in from twelve to twenty months. At 
that time the stalks are from 10 to 30 feet long and from 1 
inch to 2 Y 2 inches in diameter. When a field is ready for 
harvesting, it is ‘‘fired.’’ As the cane grows, the lower leaves 
fall oft, and at matui*ity they form a matted mass at the base of 



A, 

Fig. 47.—A, In the sugar mill the cane Is sent through giant steel rollers, 
like that shown in the Illustration, by which the Juice Is extracted. It then 
is boiled, evaporated, and made into ^‘raw** sugar. B, Raw sugar sacked and 
stored, awaiting transportation by ship to the United States, where final 
processing Is completed. (Courtesy of Pan-Paciflc Press Bureau Photo.) 

the stalks. If these were not removed, they would impede 
harvesting, and if permitted to reach the mill, they would lower 
the mill’s efficiency. The fields usually are burned when they 
are dry and when there is a fairly strong wind so that the 
fire will quickly sweep across the field without materially 
damaging the stalks. The stalks are then cut into convenient 








SUGARS 


345 


lengths by workers with heavy knives called machetes. The 
cane is transported to the mills by portable railways laid in 
the field, or by motor truck, or from a few xfiantations by 
fiumes, such as are used in the Pacific Northwest for moving 
logs down steep grades. 

The cane on entering the mill passes through a series of cor¬ 
rugated crushing rollers and then through smooth rollers which 
press out the juice. The juice is pumped into huge tanks. 



B. 


Milk of lime is added to stop fermentation, to neutralize or¬ 
ganic acids, and to precipitate impurities. Heating coagulates 
any protein present, and this protein then is removed as a 
scum. After a period of standing during which heavy im¬ 
purities settle out, the clear juice is run into evaporators, where 
it is concentrated under reduced pressure to a thick syrup. 
This syrup is concentrated further in vacuum pans, and actual 
crystallization begins. The viscous, sticky mass from the vac¬ 
uum pans, known as massecuite, then is run into a basket centri- 








346 


ORGANIC AND BIOLOGICAL CHEMISTRY 


fuge lined with very fine brass screens. The screens retain the 
sugar but allow the molasses to escape to an outer casing. The 
hard, pale brown mass that remains in the centrifuge constitutes 
the raw sugar that is sacked and shipped to the mainland for 
further purification. This raw sugar is from 88 to 97 per cent 



Fig. 48.—Centrifuges used In the final purification of cane sugar. (The 
same type of equipment can be used for purifying beet sugar.) Massecuite, 
a mixture of su^r and molasses, is poured into the centrifuge basket, the 
inside of which Is lined with a fine-meshed brass screen. As the centrifuge 
revolves at a high speed, the screen retains the sugar, but allows the 
liquor or molasses to escape to the outer casing. (Courtesy of C & H Sugar 
Refining Corporation.) 
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sucrose. On tlie mainland the sugar is refined and decolorized 
to give a product of 99+ j)cr cent purity. 

The only rival of '^king cane^’ is the sugar beet. The de¬ 
velopment of beets as a source of sugar took place during the 
Napoleonic Wars. France's supply of sugar from the West 
Indies was cut off by the English blockade, and Napoleon 
offered a p7*ize of a million francs for a practical process of ob¬ 
taining sugar from beets. l>y plant breeding and selection the 
percentage of sugar in beets was raised from G to 18 per cent. 
By 1913 beet sugar production equaled that of cane sugar. 

The sugar in beets is exactly the same chemical compound as 
that in sugar cane, and if the commercial products are of the 
same degree of purity, there is no difference between them. 
Formerly, it was more difficult to remove the impurities from 
beet sugar, and hence a prejudice arose in favor of cane sugar 
for candy and jelly making, but this prejudice has largely dis¬ 
appeared, with improved methods of refining beet sugar. 

The specific rotation of sucrose is +66.5°. This physical 
proiierty is important since it is utilized in the (juantitative 
determination of sucrose. A special type of polarimeter, known 
as a saccharimeter, has been developed. In this instrument the 
scale is so arranged that it indicates directly the per cent of 
sucrose in the solution. Enormous quantities of crude sugar 
are imported, and since there is an import duty, the sac¬ 
charimeter is used as a quick and convenient method for de¬ 
termining the amount of sucrose present. 

Sucrose is distinguished from the other disaccharides by 
being more stable to alkali and more sensitive to acid. It is 
1,000 times easier to hydrolyze than maltose or lactose. Even 
weak acids, such as citric or tartaric acids, hydrolyze it to the 
monosaccharides, n-glucose and n-fructose. Sucrose also can 
be hydrolyzed by the enz 3 aiie inveriase, present in yeast, to give 
an equal molecular mixture of glucose and fructose. This 
mixture is known as invert sugar. 

Invert sugar differs in three particulars from the original solu¬ 
tion of sucrose. In the first place, it contains twice as man^^ 
molecules, which means that the solution will have a lower vapor 
pressure, as reflected in its increased tendency to take up water. 
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Secondly, it is sweeter than the original sugar. If sucrose is 
given an arbitrary ‘‘sweetness’’ value of 100, invert sugar on 
this basis has a value of 130. These two properties are utilized 
in the making of cream fillings, such as fondant, for chocolates. 
A small amount of invertase is incorporated in the filling, and 
as the candy ages, the sugar hydrolyzes and the filling continu¬ 
ally becomes sweeter and softer. 

A third respect in which invert sugar differs from sucrose is 
in its specific rotation. The specific rotation of invert sugar 
is -20.5°, while that of sucrose is +66.5°. Such a wide variation 
is explained by the fact that the glucose liberated in the hy¬ 
drolysis has a specific rotation of +52.5°, while that of the 
fructose set free is -93°. The -20.5° represents an equilibrium 
between the glucose and fructose forms. The inversion (change 
of sign) of rotation that occurs Avhen sucrose is hydrolyzed ex¬ 
plains the origin of the term invert sugar. 

Sucrose shows none of the properties of a reducing sugar: 1. 
It does not form an osazone. 2. It does not reduce Fehling’s solu¬ 
tion. 3. It does not react with hydrocyanic acid. 4. It does not 
exhibit mutarotation. Therefore, the reducing groups of both 
glucose and fructose must be tied up in the disaccharide linkage. 
Paradoxically, although sucrose was the first sugar known, and 
is the most abundant, it chemical structure was the last to be 
established. When fructose is combined in sucrose, it contaius 
a gamma-lactone ring. As soon as sucrose is hydrolyzed and free 
fructose is obtained, the garnma-oxide ring rearranges to a delta- 
lactone form. Sugars that contain a gamma-lactone ring are very 
reactive; this explains the difficulties encountered in establishing 
the structure of sucrose. The following is the x)ropased structure 
of sucrose: 


CH2OH 



(Sucrose 

(a-glucoside f ructoside) 
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No free reducing group is present in sucrose, and mutarotation 
is impossible. Hence, there are no a- and /?- forms of sucrose. 
This is said to be the reason that sucrose crystallizes more easily 
than do the reducing disaccharides. 

The first unquestioned synthesis of sucrose was carried out in 
1944 by Doudoroff et al. They demonstrated that in the pres¬ 
ence of a purified enzyme, j^hosphorylase, fimctose and glucose- 
1-phosphate react to give inorganic phosphate and sucrose. 

Trehalose. —Trehalose is widely distributed in fungi; it also 
is found in bacteria and yeasts. A])parently it replaces sucrose 
in the forms of plant life that do not contain chlorophyll. Tre¬ 
halose is a-glucosid(i «-gluc()side, and hence it do(^s not con¬ 
tain a reducing grou]>. 


Trisaccharides 

All the trisaccharides have the molecular formula CigHgaOirt. 
The best known sugar of the group is raffinose. It occurs in ap¬ 
preciable quantities in sugar beets; in fact, enough is present so 
that a correction must be applied to a saccharimetcr reading for 
beet sugar. It is found in a higher concentration (nearly 8 per 
cent) in cottonseed meal than in any other known product. 
Raffinose is not isolated as such, but this proportion in all the 
cottonseed cake produced each year would amount to nearly 
100,000 tons of the sugar. Raffinose is a nonreducing sugar. On 
hydrolysis with mineral acids it gives equal proportions of fruc¬ 
tose, glucose, and galactose. 

Study Questions 

1. What arc the subgroups into which the monosaccharides can be di* 
vided? 

2. List three items of evidence that support the conclusion that D-glucose 
exists mainly in a pyranose structure in aqueous solution. 

3. Write an equation for a reaction that shows that D-glucose has an 
aldehyde group at one end of the carbon chain. 

4. Give at least two reasons why osazones are used for identidcation pur¬ 
poses. 

5. Define mutarotation. Hbw does a closed-ring formula for each form 
of glucose help to explain mutarotation? 
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6. Name and give the occurrence of each of the naturally occurring hex- 
oses. 

7. Write the graphic formula and supply the proper name for the two 
closed-ring forms of D-glucose that exist in an aqueous solution at 
equilibrium. 

8. Name the three naturally occurring pentoses and give the occurrence 
or importance of each. 

9. What is the disaecharide obtained by cautious hydrolysis of cellulose? 
What monosaccharide units does it give on hydrolysis? 

10. What is the nonreducing disaccharide found in sugar cane? 

11. In what two particulars does invert sugar differ from a solution of the 
disaccharide from which it is derived? 

12. Write the equation for the reaction of 12 per cent hydrochloric acid 
on pentoses, naming all compounds involved. What is the function of 
pentoses or pentosans in certain plants? 

33. What three facts must be known in order to determine the structural 
formula of a disaccharide? 

14. What monosaccharides are obtained on hydrolysis of raflfinose? 

15. What the disnccharide found in milk and what sugars are obtained 
on hydrolysis? How is the ^-modification of this sugar obtained and 
what are its advantages over the a-form ? 

1(). What is the formula for malt sugar? 

17. Define carbohydrates. 

18. Why is ribose an important pentose? 

19. Essentially, what is the structural difference between starch and cellu¬ 
lose? Use diagrams to illustrate your answer. 

20. Show by a series of equation the steps in the formation of glucosazone. 

23. If glucose exists mainly in the closed-ring structure, why does it ever 

give aldehydic reactions? 

22. Show the stej)s in the cyanohydrin synthesis of D-glucose frotn 
D-arabinose. 

23. What is the name of the simplest possible sugar? Write the formula 
for this compound. 

24. What is the significance of the D- or L- designation before the name of 

a sugar? 

25. Why is Benedict’s solution more frequently used than Fehling’s solu¬ 
tion in testing for the presence of glucose in urine? 

26. What is the name of the monocarboxylic acid of glucose? If this 
acid is subjected to further oxidation with dilute nitric acid, what 
product results? 

27. What are several names for the closed-ring structure in glucose and 
many of the other sugars? 

28. What advantages do perspective formulas posses.s over the straight- 
chain type of formulas? 
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29. What is an industrial hkj oi’ u-inaiiiiitol ? How is it ul)lained I’or this 
purpose? 

30. What is a natural food that is rich in fructose? 

31. How does the Lohry de Bruyn tram} ormatiori explain the intercon¬ 
version of fructose, glucose, and mannose? What is the term em¬ 
ployed to describe this change? 

32. Describe briefly the maniifacturo of sugar from cane. 
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CHAPTER XV 


POLYSACCHARIDES AND RELATED 
COMPOUNDS 

Introduction. —The polysaccharides, in contrast to the sugars, 
do not have a sweet taste, and have little or no reducing proper¬ 
ties. They are substances of high-molecular weight, formed by 
the union of a number of monosaccharide molecules with the 
elimination of water. Most of the substances of this group of 
carbohydrates are insoluble in water, and, when they are 
brought into solution by physical or chemical reagents, they 
form colloidal, rather than true, solutions in water. Because 
of their high-molecular weight and their complex structure, the 
chemical composition of these compounds as yet is not clearly 
defined in all cases. The relation of the polysaccharides to the 
other groups of carbohydrates already has been represented in 
the diagram on page 315. The polysaccharides can be sulv 
divided further iiilo the following groups: 

Pentosans (C 5 ngO^)„ 

Arabans 

Xylana 
' Hexosans 

Eeserve polysaccharides 
Starch 
Glycogen 
Inulin 

Structural polysaccharides 
Cellulose 
Hemicellulose 

Mixed or acidic polysaccharides 
Pectins 
Gums 
Mucilages 

Pentosans 

The pentosans, as the name indicates, are substances com¬ 
posed of a large number of pentose molecules. The pentosans 
as a class have not been investigated as thoroughly as have the 
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hexosans. They comprise about 25 per cent of the weight of 
wheat, oat straw, and of the dry weight of wheat brans. The 
pentosan xylam has been isolated from such sources as corn cobs, 
cereal straw, and cottonseed hulls. On hydrolysis it yields xylose. 

The pentosans that yield arahinose on hydrolysis are known as 
arabans. They occur most abundantly in gum arabic, cherry 
gum, and inesquite gum. The arabans also are found associated 
with pectin. The pentosans are highly hygroscopic, and function 
in plants, especially in cacti, as water-retaining substances. 

When ])ent()sans are heated with mineral acids they yield 
furfural (see ])age 318). Kurfural rapidly is becoming an 
important industrial chemical. 

The question as to whether the i)cntoses are primary products 
of photosynthesis or whether they are formed from hexoses will 
now be considered. The evidence at the present time favors the 
theory that hexoses are the piamary products of photosynthesis 
and that the pentoses are secondary products formed by loss of 
carbon dioxide from the hexose uronic acids. In order to under¬ 
stand this mechanism, it will be necessary to consider the struc¬ 
ture of the uronic acids. 

In the aldose sugar’s the most reactive part of the molecule 
is the aldehyde group; therefore, chemical reactions of these 
sugars involve this group. The aldehyde group in disaccharides 
or other glycosides is combined and thus removed from the sphere 
of chemical reactivity. A mild oxidizing agent acting on such a 
glucoside would, therefore, attack the primary alcohol group 
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at the opposite end of the ehaiii and convert it to a COOH group. 
If the aldehyde group is now set free by the liydrolysis of the 
glucoside, glucuronic acid is forined. 

Spoehr found i)-glneuronic ac'id to be ju'csent in cacti, which 
also contain large quantities of pentosans. On the basis of these 
observations, the theory was advanced that pentoses were formed 
by the loss of carbon dioxide from hexose uronic acids. The 
theory is strengthened by the fact that a solution of D-glucuronic 
acid loses carbon dioxide when exposed to sunlight. Additional 
support was given the proposed mechanism by the observation 
that D-glucose and D-xylose usually are associated in nature. The 
formation of n-xylose by the loss of carbon dioxide from 
D-glucuronic acid is illustrated by the following equation: 
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Starch. —The principal storage carbohydrate of plants is 
starch. It is found most abundantly in the parts of the plant 
used for propagation; for example, in the seeds of cereal grains; 
in tubers, such as white potatoes; and in roots, such as the sweet 
potato. It functions as a reserve food supply for the embryo 
until leaves and roots are formed. Starch, however, is not the 
universal reserve material in plants, because such oil-bearing 
seeds as soybean are almost free of it. 

Sources of Starch. —In the United States most of the starch 
for commercial purposes is obtained from corn. In Europe the 
principal source of starch is the white potato. Other sources 
of starch that are of commercial importance are wheat, rice, 
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the sago palm, and a tropical American plant, Maranta arun- 
dinacea, from which arrowroot starch is obtained. The produc¬ 
tion of starch from sweet potatoes became of commercial im¬ 
portance in 1941. Of the noncereal starches, tapioca, or cassava, 
lias been the most important in the United States. The amount 
imported in a normal year such as 1939 was 382 million ])oiinds. 
This kind of starcli is obtained from tlie tuberous roots of the 
plant Manihot utilissima, which is grown principally in the 
East Indies. 



Hg. 49.—-Diagram showing the structure of the corn kernel. Starch is 
the principal component, the kernel containing about 60 per cent of this 
substance. In the starch manufacturing industry the gluten and the hulls 
livestock. The germ contains a high percentage of 
oil, which, after purification, is used for salad oils and vegetable shortenings. 
(Courtesy of the Com Industries Research Foundation.) 

Methods of Isolation. —In the manufacture of starch from 
corn, the clean corn kernels are steeped in huge tanks for two 
days with warm water containing about 0.25 per cent sulfur 
dioxide. The steeping loosens the hull and softens the gluten. 
The sulfur dioxide functions to prevent fermentation during 
the soaking. After the steeping process, the corn is put througli 
''degerminating'' mills, which tear the kernel apart but do 
not crush the germ. The crushed material from these mills 
is washed into tanks called germ separators. The germ, be- 
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cause of its oil content, is lighter than the remainder of the 
kernel, and thus floats to the stop and is skimmed off. The re¬ 
mainder of the kernel is then wet-ground between mill stones 
in order to separate the starch and gluten from the fragments 
of fiber and hull. The wet mass from these mills is washed 
onto a series of reels and shakers covered with bolting silk. 



Fig. 50.—Starch tables. These flat-bottomed troughs or tables are about 
120 feet long, 2 feet wide, and have vertical sides 8 to 10 inches high. A 
water suspension of starch and gluten from the milling process is run onto 
the tables, which are slightly inclined so that the mixture will flow slowly 
along them. The starch, being heavier, settles out while the lighter gluten 
and soluble material are discharged at the end of the trough. After a layer 
of starch several inches thick has settled out, the flow of the starch suspen¬ 
sion Is stopped, and the starch is removed from the table by flushing with 
water. (Courtesy of the Corn Industries Research Foundation.) 


The gluten and starch pass through the bolting silk, but the fiber 
and hulls are retained. The suspension of starch and gluten, 
known as starch milk, is then run onto the starch tables illus¬ 
trated in Pig. 50. Starch, having a specific gravity of 1.5 to 1.6, 
is heavier than the gluten, and settles out as the suspension flows 
along the gently sloping trough. If dry starch products are 
to be made, the starch, after retabling, is ready to be kiln-dried 
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and placed on the market. The wet starch can be used for con¬ 
version to corn syrup or dextrose. 

A common method of separating potato starch is to allow 
the starch suspension to stand in large settling tanks for ten 
to twelve hours. Most of the protein and other material re¬ 
main suspended and can be drawn off while the starch settles 
out as a compact layer. 

Centrifugation frequently is employed as a method of sepa¬ 
rating and purifying starch after it has been washed from the 
starch-containing material. 

Importance of Starch.—One reason that starch has been 
studied extensively is that it has been known for a long time 
to be a plant component. Its detection in plants is easy due 
to the characteristic blue color it yields with iodine. Another 
reason is that it is relatively easy to separate and purify for 
research studies. Another incentive for investigations on 
starch has been the knowledge that it is one of the most im¬ 
portant energy foods for man and the higher animals. Further¬ 
more, starch is an important raw material for many industries. 
There are few substances that have more technical or domestic 
uses than starch and its modified forms. 

Physical Properties of Starch.—Starch occurs in the plant in 
the form of microscopic granules. The size, shape, and mark¬ 
ings, or striations, on tliese granules are characteristic of the 
particular s])ecies. The general shape and form of the starch 
granules of a particular species is so constant that the source 
of a sample of starch often can be determined by a microscopic 
examination. The morphological characteristics of starch 
granules even have been used for the classification of plants. 

Potato starch granules are among the largest, some being as 
large as 100 microns in diameter. Corn and wheat granules are 
intermediate in size. There is a wide range in sizes, from very 
small to large, among the granules of wheat starch. Cornstarch 
granules vary in size from about 10 to 25 microns in diameter. 
They tend to be hexagonal in shape, probably because the 
pressure under which they are formed forces them into a 
honeycomb structure. Eice starch granules are among the 
smallest (3 to 8 microns in diameter). 
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Raw starch is insoluble in cold water, but if a suspension of 
starch and water is heated to a temperature of 60^ to 70° C., 
depending on the kind of starch, the granules swell enormously 
to as much as 25 times their original volume. This phenomenon 
is known as heat gelatinization, and the temperature at which 
most of the granules swell is known as the gelatinization tem¬ 
perature. This gelatinized starch will set to a gel on cooling, 
provided the concentration of the starch is sufficiently large. 



Fig. 51.—Ostwald viscosimeter. See text. 

An observation of the process of heat gelatinization under the 
microscope reveals that at the gelatinization temperature, the 
starch granules appear as large, balloon-like vesicles filled with 
an opalescent, colloidal solution. If the solution is heated 
further, or is stirred or shaken, these granules burst. 

The gelatinization of starch can be accomplished also by the 
action of chemical reagents, such as sodium hydroxide, po- 
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tassium hydroxide, potassium thiocyanate, sodium salicylate, 
urea, and dilute hydrochloric acid or sulfuric acid. These are 
known as cold gelatinizing agents. 

The property most widely used in characterizing starches is 
the viscosity of their gelatinized suspensions. Viscosity is a 
measure of the internal friction of a liquid. It rasults from the 
resistance to the passage of one layer of the liquid over another. 
In many gelatinized starch preparations this viscosity is due 
mainly to the jostling of the swollen granules. Most of the 
viscosity measurements on starch preparations have been carried 
out in the (Jstwald capillary type of vis(‘osimeter. Such measure¬ 
ments are used in the routine testing of samples of starch to de¬ 
termine their suitability for various industrial purposes, such 
as adhesives and textile sizings. 

To make a viscosity determination, an accurately measured quantity of 
liquid is introduced through Tube A, Fig. 51. The liquid is allowed to 
stand in the viscosimeter until it reaches the temperature of the water 
bath in which the viscosimeter is immersed. Suction is applied on the small 
arm of the viscosimeter until the upper meniscus of the liquid reaches a 
point above C. The suction then is released, and when the meniscus passes 
point C, the time of flow between points C and D is measured accurately 
by means of a stop watch. For most purposes relative viscosity is all that 
is needed. The relative viscosity of a liquid, such as a starch suspension, 
is obtained by dividing the time of outflow for the liquid by the time of 
outflow for water. 

Chemical Structure of Starch. —The first significant observa¬ 
tion pertaining to the structure of starch was made in 1811 by 
Kirchoff, who obtained a sugar by boiling starch with dilute 
sulfuric acid. This sugar later was shown to be dextrose 
(D-glucose). Since then it has been shown repeatedly that 
hydrolysis of starch with acids yields D-glucose as the only mono¬ 
saccharide. The disaccharide formed by the hydrolysis of 
starch with the enzyme diastase was isolated by Saussure in 
1819, subsequently by Dubrunfaut in 1847, and ‘‘rediscovered’’ 
in 1872 by Sullivan, who named it maltose. A very voluminous 
literature on starch has accumulated through the years. In 
1947 Sehoch, an authority on the chemistry of starch, stated 
that the literature on this field contained more than 6.000 refer¬ 
ences. A large number of these liave been concerned willi the 
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structure of starch. This will give the student an idea of the 
complexity of the subject. 

Two universally accepted facts about starch are that (1) 
D-glucose is the only monosaccharide formed on acid hydrolysis 
and (2) maltose is the only disaccharidc formed by enzymatic 
hydrol^^sis. Since maltose is the disaeeharide unit of starch, 
it follows that the a-1,4-ghicosidic bond present in maltose 
is the principal linkage of glucose units in starcli. The evidence 
from methylation studi(\s to prove tliat maltose is an o:-!,*!- 
glucoside has been given already in connection with tlie discus¬ 
sion of the structure of that disaccharide. 

Methylation studies also were applied to starch by Haworth, 
Hirst, and co-workers. Ffydrolysis of the methylated starch 
gave princix^ally 2,3,6-trimetliyl glucose, which is to be ex¬ 
pected if starch is a polymer of glucopyranose units linked as 
in maltose. In addition, 4 to 5 per cent of tetramethyl glucose 
also was isolated. The presence of tlie tetramethyl glucose was 
explained as arising from glucose units at the ends of chains 
where hydroxyl groups on the number 2, 3, 4, and 6 carbon 
atoms would be free for methylation. On the basis of the rela¬ 
tive amounts of trimethyl and tetramethyl glucose obtained, 
Haworth concluded that the starch molecule was made up of 25 
to 30 glucose units. This concept was accepted for several years, 
but additional data began to point to a much larger molecular 
size. For example, the results of viscosity and osmotic pres¬ 
sure measurements indicated a molecule with many more than 
30 glucose units. The reducing values of starch determined by 
new methods denoted a molecule containing several hundred 
glucose units. 

To explain these inconsistencies between the molecular 
weight estimated by end group assays and by other methods, 
Staudinger, among others, proposed a branched chain type of 
molecule for starch. This concept had to be modified, too, but 
it was very useful in pointing the way for more fruitful re¬ 
search. 

Components of the Starch Granule.—That starch is com¬ 
posed of two components structurally different in their types 
of molecule is no longer seriously questioned. The question 
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as to the existence and nature of these two components was 
argued in the chemical literature for a century without arriv¬ 
ing at any conclusive answer. It is only within the past decade 
that real progress has been made in explaining the behavior 
of starch on the basis of its structure and composition. 

One of the principal reasons for recent progress in the elu¬ 
cidation of the structure of starch was the development of 
methods of separating the starch comi)onents in a high state of 
])unty without chemical degradation. Perhaps the most sig¬ 
nificant advance in this field was a discovery by Schoch. He 
I'oiind that if starch was suspended in water containing 12 
})er cent n-l)utanol and autoclaved for two horn’s, one com¬ 
ponent of the starch separated on cooling as microcrystals. 
The com])onent that preeijiitates is called amylose, and the 
one that remains in solution is named amylopectin. 

Since the original use of butyl alcohol for the precipitation 
of the amylose, or A-fraction, it has been found that selective 
I)rccipitation of the amylose can be effected by many substances 
capable of acting as a donor or acceptor in hydrogen bonding. 
These i)olar compounds include many o*f the aliphatic mono¬ 
hydroxy alcohols and the nitroparaffins, such as 2-nitropropane. 
Hayworth and co-workers claim a better separation of the two 
components by the use of thymol and cyclohexanol. 

The components of starch granules differ in their molecular 
structure and properties. It is now generally accepted that 
the amylose component has a linear or unbranched structure 
containing 100-700 glucose units. 


CH.OH CH,OII CH.OH CH,OH 



H OH H OH H OH H OH 


Portion of the amylose chain 

Other characteristic properties of amylose are: 
a. It yields a pure, brilliant blue color with iodine. It 
has been suggested that a helical form of the linear amylose 
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eoliiponent is essential for lire formation of the blue color. When 
treated with iodine it is thought that the iodine molecules are 
deposited within the spirals, the spaces of wliicli are of the exact 
size to allow tlie iodine to entei*. 

b. Amylose solutions exhi})it a low solution stability at or¬ 
dinary concentrations. The reversion of solubilized starch to an 
insoluble form is terme<l retrogradation. Tt is thought to be 
due to lengthwise association of the linear amylase chains. The 
speed of retrogradation is dependent on the concentration of 
the starch solution. Thus a 1 per cent solution will remain 
clear for several days, while a 2 per cent solution will floccu¬ 
late overnight. Once starch has retrograded, it is very difficult 
to redissolve. 

c. Amyloses are hydrolyzed to maltose to the extent of 99 
per cent or more by the enzyme ^-amylose. 

d. The acetyl derivatives of amylose can be fabricated into 
films and fibers of high tensile strength. The ability to fonn 
strong fibers has been shown to be a property of long cliain 
types of polymers. 

Amylopeetin, the other component of starch, consists of giant, 
branched or treelike molecules containing both a-1,4 and a-1,6 
glucosidic linkages. The prevailing concept of the structure 
of the amylopeetin molecule is represented by the formula on 
page 363. 

Branching occurs on the average at about every 25111 gluease 
unit through the 6th hydroxyl group of the glucose units. Thus, 
approximately every 25th glucose unit has, in addition to the 
adjacent unit attached at the 4th carbon atom, another attached 
at the 6th position. The outer branches are thought to consist 
of 18-20 glucose units. Authorities on the chemistry of starch 
agree that the molecular weight of amylojiectin is large but its 
exact magnitude is uncertain. Keported values indicate amylo¬ 
peetin contains 500 to 5000 or more glucose units. 

The characteristic properties of amylopeetin are: (a) The 
color with iodine is red to purple, (b) Solutions of amylopeetin 
in water, even in concentrations of 5 per cent, are stable; i.e., 
they do not retrograde on standing, (c) Amylopeetin is incom¬ 
pletely hydrolyzed by the enzyme jS-amylase, only 50 to 60 per 
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cent being hydrolyzed to maltose. Cessation of enzyme action 
is thought to result from inability to hydrolyze 1,6-glucosidic 
linkages, (d) Acetylated amylopectin films are so weak and 
brittle that their tensile strength cannot be determined. The 
sharp contrasts between the properties of the two components 
of starch will be ap])reciated when those just listed are com- 
})ared with the i)ropcrties of amylosc given previously. 

It has been found that in most starches the amylosc or linear 
form is the minor component of the starch granule. Tapioca 
and rice starches contain 17 per cent amylose; banana, corn, 
})otato, and wheat starches contain between 21 and 24 per cent 
amylose. 

Starch from waxy or glutinous corn and sorghum contains 
only amylopectin. Waxy corn starch was used during the 
war as a substitute for tapioca starch. At the otlier extreme, 
starch from wrinkled seeded garden peas has been shown to be 
about 70 per cent amylose. This is nearly twice the amylose 
content rei)orted for any other starch. ' Strangely enough, 
starch from smooth seeded peas is essentially like the cereal 
starches in its amylose content. 

For most of the common applications of starch, the amylopec¬ 
tin component is the one that is more useful. This is true where 
starch is employed as a thickening agent, as a protective colloid, 
or as sizing for paper and textiles. Recent work indicates 
that the aggregation of amylopectin and not amylose mainly 
is responsible for the staling of bread. It has been established 
that all starches are not composed entirely of carbohydrate. 
Raw cereal starches such as those from wheat and corn con¬ 
tain nitrogen, phosphorus, and as much as 1 per cent fatty 
material. These noncarhohydrate materials are held by sec¬ 
ondary valence forces, since they are removed by exhaustive 
extraction with hot 85 per cent methanol or 80 per cent di- 
oxane. On the other hand, extraction of potato starch does not 
materially reduce its phosphorus content. This has led to the 
conclusion that the phosphorus in this case is present as a 
phosphoric acid ester, probably of the hydroxyl group on the 
6th carbon atom of glucose residues. 
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Polysaccharides that closely resemble amylose and amylopec- 
tin have been synthesized in the laboratory. Phosphorylase, an 
enzyme present in potato juice and muscle, acting on glueose- 
1-phosphate under the proper conditions forms a polysac¬ 
charide that gives a deep blue color with iodine, is completely 
hydrolyzed by j8-amylase, and retrogrades rapidly from solution. 
In addition, analyses indicate that it is an unbranched chain 
containing from 50 to 200 glucose units. Hence it closely re¬ 
sembles tlie amylose component of natural starches. Dr. and 
Mrs. Cori of Washington University in St. Louis received a 
])art oi' tlie 1947 Nobel prize for their isolation of crystalline 
muscle phosphorylase and their other research on the elucida¬ 
tion of the mechanism of glucose-glycogen transformations in the 
animal body. 

Boui*ne and Peat in England liave reported the preparation 
of a polysaccharide that resembles amyloi)ectin in its propertic^s. 
Purified potato phospliorylase and another enzyme from the same 
source (Q enzyme) acting on glucose-l-phosphate form a glu¬ 
cose ])olymer that stains i^ed-purple with iodine, is easily soluble 
in water, and is only 60 per cent hydrolyzed by ^^-amylase. It 
is conceivable that the characteristic ])roperties of various 
starches may l)e determined by the relative proportions of these 
two enzymes in i)lant^. A striking fact is that enzymatic 
synthesis of starch components does not take place unless a 
trace of natural starch or glycogen is present as an enzyme ac¬ 
tivator or initiator. One of the most plausible hyx)otheses 
proposed is that a certain chain length of glucose units must 
be present to act as nuclei for the addition of new chain units. 

Enzymatic Degradation of Starch. —Starch can be hydro¬ 
lyzed both by the action of acids and by the action of the bio¬ 
logical catalysts (enzymes) known as amylases or diastase. In 
the animal body, starch-splitting enzymes are present in the 
highest concentration in pancreatic juice. The importance of 
these enzymes will be discussed in detail later (Chapter XXIV). 
Diastase is produced during the sprouting of cereal grains. For 
example, malt, produced from sprouted barley, has a high con¬ 
tent of diastase. It also can be isolated from sprouted wheat. 
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A commercial method of preparing dia^^tasc is by the action of 
the Aspergillus fungi on wheat bran. 

Diastase has been separated into two components. a-Amylose, 
the dextrinizing or solubilizing component, hydrolyzes the starch 
molecule near the center, and the fragments produced are hydro¬ 
lyzed again in this fashion until the fragments are small enough 
to be soluble in water. Only a small amount of maltose is pro¬ 
duced by a-amylase. The other factor is ^-amylase, the saccharo- 
genetic or sugar-producing component. Its mode of action is to 
hydrolyze off maltose units from the ends of the starch chain. 
One method of separating the two components depends on the 
fact that when an aqueous extract of germinated barley adjusted 
to pH 6 to 7 is heated to 70° C. for fifteen minutes, the )3-amylase 
is destroyed and the a-amylase remains. When a similar extract 
is cooled to zero degrees and brought to pH 3.3 by adding hydro¬ 
chloric acid, the a-amylase is inactivated. Crystalline /?-amy- 
lase from sweet potatoes was isolated in 1948. Tlie amylase in 
human saliva is almost entirely a-amylase. The formation of 
dextrins (hydrolytic products of starch) by a-amylase is fol¬ 
lowed usually by the color that the various dextrins yield with 
iodine. The color is dependent on the particle size of the dex¬ 
trins. The following scheme illustrates the series of dextrins 
formed and the color that each gives with iodine : 

Starch —» Ainylodextrin —> Erythrodextrin Achroodextrin 

deep blue bluish red red colorless 

These dextrins also can be produced by the action of acids on 
starch. 

/S-Amylase, acting on soluble starch, is unable to carry the 
hydrolysis further than 55-68 per cent conversion to maltose. 
The residual substance still will give a blue color with iodine. 

Uses of Starch. —Cornstarch is used for the production of 
com syrup. The wet starch from the starch tables is employed 
in the preparation of this product. The starch is added slowly 
to a dilute solution of hydrochloric acid in large tanks known 
as converters. The hydrolysis is carried out under 30 pounds 
steam pressure and is allowed to proceed until about 40 per cent 
of the dry weight of the solids is n-glucose. When the conversion 
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has reached the desired point, the acid is neutralized with sodium 
carbonate or soda ash. After neutralization, the syrup is filtered 
through decolorizing charcoal and evaporated under reduced 
pressure to the desired consistency. The addition of cane sugar 
syrup and a small amount of flavoring to this product completes 
the preparation of the familiar corn syrup, or '^Karo,^' used in 
the home. The cane sugar is added to increase the sweetness. 
Accordingly, corn syrup, as it reaches the consumer, contains 
D-glucosc (dexlrose), maltose, sucrose, dextrins, and a small 
amount of flavoring. 



B’igr. 62.—Workers wire cutting *"70** dextrose sugar slabs. This crude 
sugar made from cornstarch contains approximately 70 per cent dextrose 
(D-glucose) and the remainder dextrins and moisture. Two batches of sugar 
of about 76,000 pounds each are In view. The sugar table measures 110 feet 
in length, 12 feet 8 Inches in width, and holds a batch of sugar 7 to 8 
inches deep. This form of crude dextrose is used In the tanning, brewing, 
and vinegar industries. (Courtesy of Corn Industries Research Foundation.) 


The annual consumption of corn syrup in the United States 
is about a billion pounds. About half of this amount is used in 
confections, about 300,000 pounds are made into table syrup. 
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and about 50,000,000 pounds are used by bakers in cakes and 
frostings. About an equal amount is consumed in the manu¬ 
facture of beer and ale. Jam, jelly, and preserve manufacturers 
use a slightly smaller amount, while the production of ice cream 
consumes about a million pounds. The remainder goes into 
miscellaneous food, technical, and industrial uses. Corn syrup 
is especially valuable in candy making, since it retards the 
formation of large crystals. It is also a common component of 
formulas for the feeding of infants. 

For the manufacture of corn sugar, or D-glucosc, the })rocoss 
is very similar to that used in preparing corn syrup. The chief 
difference is that the hydrolysis is continued until about 90 per 
cent of the starch has been converted to D-glucose. Neutraliza¬ 
tion, filtration, and concentration are similar in the two 
processes. The evaporated corn syrups are run into large pans 
or molds, where they are seeded with crystals of n-glvu'ose and 
allowed to stand until they set into solid cakes. These cakes are 
cut by means of wire into large slabs, which are stored for cur¬ 
ing or hardening. Sugars of this type contain dextrins, which 
give them a light brown color. For this reason, they are called 
‘^70^’ or ‘^80’^ sugars, the figure representing the approximate 
percentage of D-glucose, the remainder of the product Iming 
dextrins and water. These crude sugars are used in the tanning 
industry to impart properties that aid in the cutting of leather 
for the manufacture of shoes. This crude D-glucose is used also 
in the vinegar and brewing industries. 

The process for the manufacture of purified crystalline 
D-glucose is similar to the process for the production of cane 
sugar. The syrup is concentrated under a vacuum in order to 
prevent the formation of a dark color due to caramelization. 
The final crystallization of the D-glucose is carried out in huge 
cylindrical tanks provided with a spiral agitator that prevents 
the formation of large cr 3 ^tals and lumps. This final crystalliza¬ 
tion process requires from six to ten days. In the final step the 
sugar crystals are run into a rapidly revolving centrifuge, lined 
with fine mesh copper screen through which the molasses, or 
hydrol, is ejected, leaving crystals of refined D-glucose. This 
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sugar is washed once with a small amount of water. The final 
product is a white, refined sugar that may be from 99.5 to 99.8 
per cent pure D-glucose. 

The use of starch to improve the appearance of clothes in laun¬ 
dering is familiar to everyone. The hot iron in i)assing over the 
starched fabric converts the starch to dextrins which adhere 
to the cloth, are stiff, and give a glossy appearance to the cloth. 
Large quantities of starch are used for sizing paper: i.e., to 
fill the pores and give it a better surface. In 1947, it was es¬ 
timated that tlie j)aper industry used annually more tlian 250 
million pounds of corn starch in sizing and finishing pai)er 
and another 100 million pounds as an adhesive in the manu- 
faetuT'c of ])aj)erboard. Another use of starch is as a filler in 
low grades of soap. Rice starch is a component of talcum 
j)owders. JMuch starch is used in the textile industries as a siz¬ 
ing material. ''Thin-boiling” starch, which has a low viscosity 
and is })roduced by the action of dilute acids, is best suited foi* 
this ])urpose. The sizing of a yarn with starch makes for easier 
and better spinning, because the loose fibers on the thread are 
held in ])lace. Sucli treatment facilitates the use of the yarn in 
the spinning machines and the reduction of abrasion during the 
spinning process. 

Starch is used in tlie manufacture of dextrins, often called 
British gums. These dextrins are produced by heating dry 
starch, often sprayed with a small amount of hydrochloric acid, 
in large metal tanks equipped with a slowly moving stirrer. This 
device keeps the material from sticking to the sides and bottom 
while the dampened material is being heated. The time of heat¬ 
ing depends upon the product desired. It may be as short as 
two hours for white dextrins and as long as fifteen hours if a 
gum is being made. The finished dextrins are powders of colors 
varying from white to a light yellow. Dextrins are used for 
wood veneer glue, labels, stamps, and for the pasting of card¬ 
board boxes. Dextrins made from sago starch usually are used 
as the adhesive on envelopes and stamps, since these kinds of 
dextrin are much less hygroscopic and have a less objectionable 
taste than dextrins from other sources. 
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Starch is used as a filler in baking powders. If the active in¬ 
gredients of baking powder were not diluted, the housewife 
would have to make very accurate measurements on very small 
amounts of this leavening agent in order to obtain successful 
baked products. Cornstarch usually is employed for this 
purpose. 

Glycogen. —Glycogen, or animal starch, is rarely found in 
green plants, but it is the reserve carbohydrate that is stored 
principally in the liver and muscles of animals. Oysters and 
other mollusks contain a relatively high percentage of glycogen. 

Glycogen usually is isolated from liver, often by extraction 
with hot 30 per cent potassium hydroxide. It differs from 
starch in that it is soluble in cold water, does not gelatinize on 
being heated in water, and gives a red-brown color with 
iodine. It does not occur in the form of characteristic granules. 
Like starch, glycogen does not reduce Fehling’s solution, and on 
acid hydrolysis it yields only D-glucose. 

The stnicture of glycogen is similar to that of amylopectin in 
that the glucose units are linked preponderantly by Q:-4-glucoside 
bonds with branching through a-1,6-linkages. The principal 
difference is that glycogen is much more highly branched; in 
fact, multiple branching is thought to be present. The outer 
branches are thought to be 6 or 7 glucose units in length with 
about 3 glucose units between branching points. Glycogen \s 
characteristic properties of high water solubility, nonretro- 
gradation, and low digestibility are understandable if it con¬ 
tains such a highly ramified structure. There is no gcuieral 
agreement on the molecular weight of glycogen; values as high 
as 1,000,000 have been reported. 

The glycogen in muscles plays an important part in the series 
of reactions involved in muscle contraction. The stored glyco¬ 
gen in the liver acts as the reserve carbohydrate by which the 
glucose content of the blood is maintained at its normal level. 
These functions will be discussed in detail in Chapter XXIV, 
Carbohydrate Metabolism. 

Inulin. —^Another important reserve hexosan is inulin. This 
polysaccharide is found in the roots of dahlias, Jerusalem artf- 
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chokes, dandelions, and the roots of the ti plant, which grows in 
the Hawaiian Islands. Inulin is the only naturally occurring 
polysaccharide in whicli the monosaccharide unit contains a 
butylene oxide, or y-lactone, ring. On the basis of the methyla- 
tion studies of Haworth and his co-workers, inulin is thought to 
contain 30 fructose units in the molecule. Inulin is a white 
powder that dissolves in hot water to give a colloidal solution. 
It does not gelatinize on heating, nor does it give a blue color 
with iodine. Diastase does not hydrolyze inulin, but it is split 
by the enzyme inulinase, or l)y dilute acids, to form D-friictose. 
Inulin does not reduce Feliling's solution. 

The inulin of Jerusalem artichokes has been shown to be a 
commercially feasible source of carbohydrate for the production 
of butyl alcohol, ethyl alcohol, and acetone by fermentation with 
microorganisms. The same proportion of these solvents is ob¬ 
tained as in the fermentation of cornstai'ch by the same organism. 

Cellulose.—Cellulose is one of the most widely distributed 
of all organic compounds. Like starch, it has the empirical 
formula (CgHioOJ,,. Starch, glycogen, and inulin often are 
referred to as the storage polysaccharides, while cellulose is 
termed the structural or framework polysaccharide. It occurs 
most prominently in tlie cell walls of plants. In plants it serves 
a variety of pur])oses, such as giving strength and rigidity to 
the stems, thus aiding the plant in maintaining its upright posi¬ 
tion. It also serves as a protective agent, as exemplified by bark 
and the coverings of fruits. In addition, the parts of the plant 
that are used for transportation of water and food materials are 
composed of cellulose. 

Cellulose is insoluble in water, alcohol, ether, chloroform, and 
other organic solvents. It is soluble in Schweitzer ^s reagent 
(made by agitating copper powder or copper hydroxide with 
concentrated ammonium hydroxide). Cellulose also is taken 
into solution by a mixture of one part of zinc chloride and two 
parts of hydrochloric acid. 

Cellulose can be separated into three components. a-CeUu- 
lose is insoluble in cold 17.5 per cent sodium hydroxide; )8-cellu- 
lose is soluble in 17.5 per cent sodium hydroxide and is precipi- 
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tated on acidification with acetic acid; and y-cellulose is the por¬ 
tion that remains in solution after precipitation of the ^-cellu¬ 
lose. 

a-Cellulose is the component that is used in industry for the 
preparation of cellulose derivatives. Industrial sources of 
a-cellulose are: 

Per cent a-cellulose 

Cotton 87*91 

Wood 50-55 

Cereal straws 35 

Jute, hemp, flax, and sisal contain a high percentage of cellu¬ 
lose, but they are not used as common sources of the poly¬ 
saccharide. 



Fig. 53.—Bringing cotton to the gin, Lehi, Ark. Cotton contains a higher 
content of a-cellulose than does any other common natural material. (Cour¬ 
tesy of Farm Security Administration.) 


Man is unable to utilize cellulose for food because there is 
no enzyme in his digestive tract that can hydrolyze it. A cer¬ 
tain amount of cellulose in the diet is desirable, since it aids in 
peristalsis and in the elimination of food residues. Cellulose is 
utilized by herbivorous animals, such as ruminants, which have 
more than one stomach. Microorganisms in the intestinal tract 
of these animals decompose the cellulosic material to products 
that are digestible. Similarly, termites are able to live on a 
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diet of wood, because protozoa, and possibly other microorgan¬ 
isms living in their intestinal tract, hydrolyze the cellulose into 
compounds that can be utilized as food by the insects. 

Structure of Cellulose. —Cellulose is difficult to hydrolyze, 
but long boiling with dilute hydrochloric acid under pressure 
yields almost the theoretical quantity of D-glucose. Hence, 
like starch, cellulose is composed of D-glucose units, but these 
units are linked in a different fashion. 

A clue to the structure of cellulose is obtained when cellulose 
is heated with acetic anhydride in the presence of some sulfuric 
acid. The octa-acetate of cellobiose can be isolated from the 
products of the reaction. This indicates that cellobiose is the 
disaccharide unit of cellulose. P^urther evidence in support of 
this view is the isolation from cellulose of cellotriose, cellotetrose, 
and cellohexoses containing, respectively, 3, 4, and 6 molecules 
of cellobiose. These compounds, obtained by the action of con¬ 
centrated hydrochloric acid on cellulose, are crystalline, have 
sharp melting points, and are dextrorotatory. If sections of the 
cellulose molecule of this size are composed of cellobiose units, 
it seems reasonable to assume that the remainder of the mole¬ 
cule is constituted similarl^L The following structural formula 
represents a portion of the cellulose molecule: 



X-rays have been a useful tool in elucidating the structure of 
cellulose. For the theory and method of these x-ray studies, 
the student is referred to advance treatises on the subject.* In 
its simplest terms the method consists of passing a beam of 
x-rays through the material, and allowing the emerging x-rays 
to impinge upon a photographic plate. Deviations in the path 

•Clarke, G. L.: Applied X-Rays, ed. 3, New York. 1938, McGraw-Hill 
Book Co. 
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of the X-rays due to their ''reflection'' by atoms in the material 
give a pattern from which the expert can calculate interatomic 
distances. Crystalline substances in which there is a definite 
recurring grouping of atoms give characteristic patterns on the 
x-ray photograph. The results obtained by the use of x-rays 
demonstrate that cellulose gives a pattern characteristic of a 
crystalline substance. 

The theory of the arrangement of the cellulose molecules in 
fibers that is most favorably received at the present time is the 
one proposed by II. ]\Iark. According to this concept, the fiber 
consists of two distinctly different states of aggregation, or 
orientation, of the molecule. In the fiber there are regions in 
which the chain molecules of cellulose arc highly associated, or 
aggregated, in a definite fashion so that they give a crystalline 
pattern with x-rays. These crystalline regions, known as 
crystallites, are highly oriented in the direction ])aralle] to the 
fiber axis. Investigations show that water and dilute aqueous 
solutions do not alter the x-ray pattern of the crystallites. 
These portions of the cellulo.se chain contain 150 to 200 glucose 
units. 

There are, however, according to Mark s concept, other parts 
of the fibei’ in which the long-chain cellulose molecules have a 
completely random arrangement, characteristic of an amor¬ 
phous material. The absorption of water and the slight degree 
of hydrolysis that takes place with very dilute acid are due 
to the amorphous portions of the cellulose molecule. Experi¬ 
ments have shown that the relative amounts of these two pliases 
do not remain constant during chemical and mechanical treat¬ 
ment of the fiber. For example, if a swollen cellulose acetate 
fiber is stretched, more of the crystalline phase is formed, and 
there is less of the amorphous stage than M^as present originally. 

At the present time most authorities believe that the cellulose 
molecule contains about 3,000 glucose units, corresponding to a 
molecular weight of, roughly, 500,000. There is a variation in 
chain length, so that this represents an average figure. Most 
of the work on the structure of cellulose has been done on cotton 
fibers. 
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Cellulose Derivatives. —A large part of the consumption of 
cellulose is in the form of chemical modifications or derivatives. 
As a result of intensive industrial research, a number qf new 
products have been developed. By clever advertising, a market 
has been created for these derivatives, and large amounts of 
cellulose now are being used for the manufacture of these 
products. One of these is rayon. There are three principal 
methods for making rayon: the viscose process, the cellulose 
acetate process, and the cuprammonium process. 

Viscose Process. —Over 65 per cent of rayon is produced by 
the viscose process. The reason for the widespread use of this 
method is that it utilizes inexpensive raw materials, such as 
wood pulp, which serves as the source of a-cellulose, sodium 
hydroxide, carbon disulfide, sodium sulfate, and sulfuric acid. 
Sheets of wood pulp, usually made by the sulfite process from 
spruce wood, are soaked in 18 per cent sodium hydroxide. Dur¬ 
ing this soaking period the /S- and y-cellulose are dissolved, and 
the a-cellulose, which constitutes about 86 per cent of the pulp, 
remains. After the soaking, the sheets are squeezed dry and 
are put through a shredder, which reduces the alkali cellulose 
to soft crumbs. A carefully weighed amount is charged into a 
water-jacketed churn. After a few minutes of mixing, carbon 
disulfide is added, and the churn is rotated for two hours. By 
this process orange-colored cellulose xanthate is formed. The 
excess carbon disulfide is removed, and the cellulose xanthate is 
emptied into a mixer and dissolved in dilute sodium hydroxide. 
The solution that results is very viscous, from which property 
the process receives its name. The chemical reactions taking 
place can be represented by the following equations: 

(steeping process) 

(C,H,oO,)„ + NaOH (ceUulo8e)ONa + H,0-^ 

Cellulose Alkaline cellulose (+C8,) 

S 

J| (+NaOH) 

(cellulose)—0—C—SNa-> Viscose solution 

Cellulose xanthate 

The viscose solution that results from the foregoing process 
is stored in tanks for two to five days for aging. Then it is 
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forced through the very small openings in spinnerettes. The 
diameters of these openings, as well as the number in each 
spinnerette, are different, depending on the kinds of yarn being 
produced. Each small stream, which is ejected from the holes 
in the si.)innerettc, is coagulated on coming in contact with 



Fig. 54.—spinnerette In action. Viscose solution is being forced through 
tiny holes In the thlmblellke nozzle into the surrounding acid-coagulating 
bath. All the filaments are collected together to form a single thread, which, 
after processing, is ready for the manufacture of rayon fabrics. (Courtesy 
of Industrial Rayon Corporation.) 

the solutions surrounding the spinnerettes. These small coagu¬ 
lated streams of material are known as filaments. The coagu¬ 
lating bath, which precipitates, or regenerates, the cellulose from 
the viscose solution, contains 9 to 11 per cent sulfuric acid, 
1 per cent zinc sulfate, 4 to 10 per cent glucose, and about 
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20 per cent sodium sulfate. All the filaments from one spin- 
nerette are combined to form a thread, which is wound onto 
a bobbin or drum. During the coagulation, part of the sulfur 
of cellulose xanthate is liberated as hydrogen sulfide and must 
be removed by an efficient ventilation system. Part of the 
sulfur remains as elementary sulfur and is removed by treat¬ 
ment with sodium sulfide. The thread on the bobbin is washed 



Fiff. 55.—A step In the manufacture of viscose rayon. The coagrulatcd 
filaments that form each thread are being drawn up to a revolving reel. 
On this reel the yarn is advanced from the back to the outer end, off which 
it drops through a slot to be processed further by machinery in a lower 
section. (Courtesy of Industrial Rayon Corporation.) 


with sodium carbonate solution, perhaps bleached with chlorine 
water, washed with more water, and then dried. This material 
is rewound onto cones, during which process the thread is 
given a twist. The production of one ton of viscose rayon re¬ 
quires 2,4 tons of sodium hydroxide, 0.7 ton of carbon disulfide, 
three tons of concentrated sulfuric acid, and about 2.4 tons of 
wood pulp. 
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Cellophane is made mainly by the viscose process, though 
some is made from cellulose acetate. Cellophane has the same 
chemical composition as rayon, the dilference being that for 
the manufacture of cellophane the viscose solution is extruded 
into the coagulating bath through a thin slot. The sulfur is 
removed by passing the sheet through various solutions, after 
which the cellophane is drawn through a glycerol solution from 
which it absorbs glycerol to the extent of about 17 per cent. 
This gl 3 ^cerol content renders the cellophane pliable. The addi¬ 
tion of clear lacquers makes celloi)hane waterproof. The pro¬ 
duction of cellophane has increased enormously within the last 
decade. The increased volume of sales has made possible more 
than eighteen reductions from the original price of cellophane, 
which was about $2.65 per pound in 1924, to a price of about 
35 cents per pound in 1941. 

The use of cellophane as a wrapping material has become 
very popular. A wide variety of articles, varying from food to 
wearing apparel, now come wrapped in cellophane. One real 
estate dealer even wrapped a new house in cellophane as an 
advertising feature. 

Cellulose sponge is made from viscose by incorporating Glau¬ 
ber ^s salt (Na 2 S 04 ) crystals in the viscose and then precipitat¬ 
ing the cellulose. The blocks so formed are leached with hot 
water, which dissolves out the Glauber’s salt, leaving cavities. 

Cellulose Acetate Process. —Cellulose acetate is prepared by 
treating cellulose, usually in the form of cotton linters, with 
acetic anhydride and acetic acid. Such catalysts as su- 
furie acid, sulfur dioxide, or zinc chloride are employed for 
the reaction, which is carried out in enameled iron tanks. The 
almost completely aeetylated product of this reaction is 
hydrolyzed to reduce the acetyl content to from 36 to 41 per 
cent. This corresponds to about two acetyl groups per glucose 
unit, since the calculated acetyl content of cellulose diacetate 
is 35 per cent. At this stage of hydrolysis, cellulose is soluble 
in acetone, a desirable solvent for the spinning operation. The 
dissolved aeetylated cellulose then is poured into water, where¬ 
upon the cellulose acetate precipitates. After Avashing the flakes 
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free of acid, they are dried and dissolved in acetone to form the 
spinning solution. The carefully filtered spinning solution 
is forced downward through the fine holes of a spinnerettc 
into a rising current of warm air, resulting in the evaporation of 
the acetone, thus forming solid filaments of cellulose acetate. 
These pass out of the spinning chamber and are wound on a 
spool. Before the cellulose acetate is sent to the textile weaver, 
the acetate yarn is twisted, lubricated, and wound on the desired 
type of shipping packages, such as cones, spools, or skeins. 

Cellulose acetate is not like the other types of rayon, since it 
is not regenerated cellulose, and, therefore, differs chemically, 
pliysically, and mechanically from the regenerated cellulose 
yarns made by the other processes. Certain properties that re¬ 
sult from this difference in chemical composition are desirable. 
The cellulose acetate filaments possess a degree of elasticity 
whicli gives the fabrics a marked resistance to wrinkling and 
creasing. Cellulose acetate has a low water-absorbing capacity. 
It absorbs about one-half as much moisture as silk, less than one- 
half as much as wool or viscose rayon, and less than cotton. 
Stains caused by tea, coffee, fruit juices, and other aqueous 
liquids are more readily removed, because the low swelling and 
moisture absorption prevents the stains from penetrating 
deeply into the fibers. For the same reason, acetate rayon 
fabrics dry quickly owing to the low affinity of the fibers for 
moisture. Another advantage is that in the wet state the 
strength of acetate fabrics is reduced about one-third, while, 
that of tlie other rayons is reduced about one-half. 

Cellulose acetate has certain disadvantages as a textile mate¬ 
rial. One of these is the ease with which it is saponified in hot 
alkali; this means that it will be affected by hot strong soap 
solutions. A property that at first caused trouble is its solu¬ 
bility in acetone and some other organic solvents. Fabrics made 
of cellulose acetate caused consternation and trouble when they 
reached the dry cleaners, but cleaners have revised their solvents 
so that now no difficulty is experienced on account of this 
property. The solubility of cellulose acetate in acetone has been 
used to advantage in the production of permanently stiffened 
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fabrics, such as collars and cuffs, which do not require starch¬ 
ing. A layer of acetate fabric is incorporated between the 
cotton or other fabrics or some acetate threads are woven into 
the cotton interlining. The composite fabric then is moistened 
with acetone, and a multiple fabric is formed that is stiff and 
porous to moisture. 

Another disadvantage is that cellulose acetate is thermo¬ 
plastic. In laundering this necessitates using a cool iron on 
such fabrics in order to prevent glazing of the fabric surface, 
or even melting and destroying the fiber with excessive heat. 

The same types of dye cannot be used for cellulose acetate as 
are used for the other types of rayon. This inability to use tlie 
ordinary types of dye hampered the eai*ly success of acetate 
rayon, but later proved to be more of an advantage than a 
disadvantage. It fostered the development of dyes for acetate 
rayon that are indifferent to the other types of fiber. This 
opened up the possibility of securing a wide variety of effects 
by cross-dyeing goods containing mixed fibers or yarns. 

Acetate rayon with a bright luster is made from a spinning 
solution containing only cellulose acetate and solvent. Yarns 
with a dull luster are obtained by adding a small amount of 
titanium oxide to the spinning solution. 

Acetate rayon accounts for about 30 per cent of the total 
rayon consumption in the United States. It is used both alone 
and in combination with other fibers to produce a wide range 
of women’s wearing apparel, men’s summer suits, household 
fabrics (such as draperies and upholstery), and collar linings. 
Two common trade names of this type of rayon are Acele and 
Celanese. 

Cellulose acetate is used in the manufacture of Cel-O-Glass, 
the trade name of a product foimed by coating a wire-mesh 
base with cellulose acetate. This product transmits the ultra¬ 
violet rays of the sun, which is the portion of sunlight that 
forms the antirachitic vitamin D in the body. This is an ad¬ 
vantage since ordinary glass does not transmit ultraviolet light. 
One of the first uses of this product that was dependent upon 
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this property was as a window material for poultry houses. An¬ 
other use is for enclosing sun porches for convalescents. 

Cellulose acetate is less inflammable than the other types of 
rayon, and for this reason it lias been used in the manufacture 
of film, especially the safety film used for home movies. 

Large quantities of cellulose acetate are used in the manu¬ 
facture of plastics. 

Cuprammonium Process. —In the cuprammoniiim process the 
cellulose is dissolved in an arnmoniacal solution of copper hy¬ 
droxide. In one process the cellulose is cooked with sodium 
hydroxide and copper sulfate, after which ammonium sulfate is 
added slowly. The solution that results ls forced through spin- 
nercttes into water, and the filaments as formed are stretched 
40 to 60 per cent. Then they enter an acid-coagulating bath of 
dilute sulfuric acid, which regenerates the cellulose. In this 
form the fiber no longer can be stretched. The process requires 
complex machinery and very careful temperature control. It is 
only because of the possibility of ''stretch spinning^’ that 
cuprammonium rayon can compete at all with the other 
processes for making rayon. The thread formed by this 
process is much finer than that produced by the other processes 
and possesses the greatest softness. Only about 3 per cent of 
the United States rayon production is made by the cupram¬ 
monium process. 

Cellulose Nitrate. —Although cellulose nitrate was the first 
important derivative of cellulose, and was used by Chardonnet 
in 1886 to produce the first artificial silk, its use for rayon has 
been supplanted by the other more economical processes. The 
production of rayon from cellulose nitrate was discontinued in 
the United States about 1934. However, cellulose nitrate has 
many industrial uses and still is made in large quantities. For 
its production, cellulose, in the form of cotton linters, is ni¬ 
trated with a mixture of nitric and sulfuric acids. As for the 
chemical reaction involved, the formation of cellulose nitrate is 
an esterification reaction analogous to the formation of nitro¬ 
glycerin. In the cellulose molecule 3 hydroxyl groups per 
glucose unit are free, so that 3 nitro groups is the maximum 
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number that can be introduced. This would give a cellulose 
nitrate product with a nitrogen content of 14.16 per cent. 

Cellulose nitrate containing more than 13 per cent nitrogen 
usually is referred to as guncotton, or pyrocotton, since it is 
used ill the manufacture of smokeless powder. This form of 
cellulose nitrate is unsafe to store or ship. It should be kept 
wet with alcohol. For the ])roduction of guncotton the 
eellulose is nitrated in iron or stainless steel tanks vuth 
a nitrating mixture of 20 per cent nitric acid and (iO per 
cent sulfuric acid. The time of nitration is about thirty 
minutes. After nitration the cellulose nitrate is centrifuged 
to remove excess acid. Next there follows washing for 
forty hours with hot and cold watin*. Then tin* matei'ial 
is boiled with sodium carbonate solution, atter which it is given 
at least ten washings with cold water. The washed material is 
dehydrated in hydraulic presses, and the resulting block is 
broken into small pieces, which are macerated with a mixture 
of one part of alcohol to two parts of ether. During this opera¬ 
tion diphenylamine is added as a stabilizer. In the succeeding 
operations the material is subjected to a secpience of preliminary 
block presses, macaroni jiresses, and a final blocking press. In 
the finishing press the block is subjected to a pressure of several 
thousand pounds per square inch, and is pressed through steel 
dies to form long spaghetti-like strings. The flexible ropes of 
powder are led over cutting machines, whi(*h are adjusted care¬ 
fully to give the exact length of powder grains desired. After 
the removal of tlie alcoliol and ether by several drying processes, 
the powder grains are ready for the loading of shells. 

Although cotton linters have been used almost exclusively for 
the preparation of guncotton, under the emergency conditions 
of World War II wood pulj> was substituted for part of the 
cotton linters. On explosion of guncotton the decomposition 
products are all colorless gases: carbon monoxide, carbon di¬ 
oxide, water, hydrogen, and nitrogen; hence, the material was 
givem the name smokeless powder. 

If the concentration of acid and the time of nitration are 
varied so as to give milder conditions, fewer nitro groups are 
introduced into the molecule. The resulting form of cellulose 
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nitrate, containing about 10 per cent nitrogen, is soluble in 
mixtures of alcohol and ether and other organic solvents, such 
as amyl acetate, butyl acetate, and ethyl acetate. It is kno^vn 
as pyroxylin. 

Pyroxylin is used as a coating material for fabrics. Coat 
after coat of pyroxylin can be applied to a fabric, after which 
the surface can be stamped with a suitable design to make it 
simulate leather. Such material is used for washable, water¬ 
proof upholstery for furniture, for book bindings, for baby 
carriages, and as a covering for luggage. The trade name of 
the product of this type manufactured by Du Pont is ‘‘Fabri- 
koid.’’ 

Collodion is a 3.5 i)er cent solution of pyroxylin in a three to 
one ethyl alcohol-ether mixture. Prom this are made collodion 
bags used for dialysis. Another use of collodion is to protect 
the surface of wounds. For this purpose the material is sold 
under the trade name ''New Skin.^’ 

Pyroxylin containing 10.5 to 11.5 per cent nitrogen is heated 
with camphor to fonn celluloid. The camphor was obtained 
mainly from Japan before 1933, but now it is made syn¬ 
thetically from turpentine obtained from the pine trees and 
pine stumps left after lumbering operations in the southern 
states. This type of cellulose plastic is used widely because of 
its great toughness, water resistance, ease of molding, and its 
availability in a wide variety of transparent, translucent, and 
opaque colors. One trade name of this product is Pyralin. 
The principal disadvantage of this material is its inflam¬ 
mability, but within recent years this has been considerably 
reduced by the use of special plasticizers containing chlo¬ 
rine and phosphate as fire retardants. This cellulose nitrate 
plastic is the favorite material for fountain pen barrels because 
of its resistance to the action of the chemicals in ink. Due to 
its clarity and water resistance, it is also the pre-eminent mate¬ 
rial for making unbreakable watch crystals. Toilet ware, 
combs, and buttons are other articles made from it. 

Perhaps the largest use of pyroxylin is for the preparation 
of lacquers. The cellulose nitrate in lacquers contains ap¬ 
proximately 12 per cent nitrogen. After nitration the product 
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is heated with water under pressure so as to modify the 
nitrated cellulose in order that a larger quantity can be dis¬ 
solved and yet yield a solution thin enough to be applied with 
a spray gun. If the pyroxylin and solvent were the only com¬ 
ponents of the lacquer, the film left after evaporation of the 
solvent would wrinkle and buckle away from the surface being 
coated. In order to overcome this defect, substances known as 
plasticizers are added. These substances will not volatilize 
when the film dries, and the film remains plastic. Some of the 
plasticizers are tricresyl phosphate, tributyl phosphate, dibutyl 
phthalate, and castor oil. Frequently used solvents for cellu¬ 
lose nitrate lacquers are ethyl acetate, butyl acetate, amyl acetate, 
ethyl lactate, and the glycol derivatives. Probably the largest 
single use of nitrocellulose lacquer is as a finish for automobile 
bodies. It also is used as a coating for refrigerators, by the use 
of which the cost of finishing a refrigerator has been reduced 
from four cents per square foot eighteen years ago to one cent 
per square foot in 1941. Ocean liners, streamline trains, boats, 
furniture, and interior woodwork in homes have been fin¬ 
ished with this lacquer. Formerly, cellulose nitrate lacquer 
was much used as a protective coating for airplanes, but be¬ 
cause of its ease of ignition and inflammability, it is being re¬ 
placed by cellulose acetate and more recently developed deriva¬ 
tives, such as cellulose acetopropionate and acetobutyrate. 

Ethyl and Methyl Celluloses. —Another group of cellulose 
derivatives are the ethers. The most important of these is ethyl 
cellulose (Ethocel). The first step in its manufacture is the 
formation of an alkali cellulose. Ethyl cellulose is produced 
by the action of ethyl chloride and excess alkali on cellulose 
in reactors at about 200° C. The product then is washed to 
remove salt and excess alkali. Among the many important ap¬ 
plications of ethyl cellulose are its use in lacquers, varnishes, 
and adhesives to improve toughness. It also is used extensively 
for molded plastics of all sorts. 

Methyl cellulose is made by the same general method as is 
the ethyl derivative. An unusual property of methyl cellulose 
is that of being more soluble in cold than in hot water so that 
solutions become more viscous as the temperature is raised. 
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Slinee it is nontoxic, methyl cellulose is useful for thickening 
food products, in cosmetic preparations, in dentifrices, in 
pharmaceuticals, and as a base for salad dressings. 

Oxidized Cellulose. —A recent cellulose derivative of in¬ 
terest is oxidized cellulose. It is produced by the controlled 
oxidation of cellulose with nitrogen textroxide. This reagent 
has the property of acting selectively on the free primary hy¬ 
droxyl groups on the number six carbon atom of the glucose 
units to convert them to carboxyl groups. Oxidized cellulose 
has found use as surgical gauze and bandages, where use is 
made of its solubility in the slightly alkaline fluids of the body. 

Textile Fibers. —Rayon is not merely a substitute for silk; 
it is a textile fiber with characteristic properties of its own. 
Rayon has an advantage over natural fibers in that its proper¬ 
ties are controllable. For example, the fibers can be spun to 
any desired size, the yarn can be made to have either a high 
luster or a dull appearance, and, more important than these, the 
quality is constant. Natural fibers of wool, silk, and cotton 
vary in their properties with the climate, season, and health of 
the plant, animal, or insect producing the fiber. Formerly, 
rayon yarns had the disadvantage that they lost about 50 per 
cent of their strength when wet, but now, for some special uses, 
rayon yarns of increased strength are being produced by apply¬ 
ing tension on the liquid filaments before complete coagulation 
has taken place. Du Pontes ‘‘Cordura-• is an example of this 
type of modified yarn. It is used in sails, in bus and truck 
tires, and in tires on the landing gear of airplanes. 

A new form of rayon yarn,, known as spun rayon, was de¬ 
veloped in 1937. In order to understand its manufacture and 
properties, it is necessary to consider classes of textile fibers. 

The major textile fibers can be classed as (1) the continuous 
filament fibers, such as silk; and (2) the relatively short fibers, 
often called staple fibers. Cotton, linen, and wool are all ex¬ 
amples of the short-fiber type. In order to make yarn out of 
the continuous filaments, the desired number, of filaments must 
be laid side by side and twisted to form a thl^ead. To make a 
textile yarn from staple fibers, a rather intricate technic in¬ 
volving carding and spinning is required. The most common 
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form of rayon, and the only kind produced before 1937, was 
made from continuous filament fibers. Spun rayon, on the other 
hand, is made from fibers corresponding in length to staple 
fibers. 

In the production of spun rayon the yarn is made from the 
same spinning solutions as those used for the continuous fila¬ 
ments, but the spinnerettes in the process have at least ten times 
as many openings. The large number of filaments that form 
in the coagulating bath are united to form a ‘‘rope.In the 
so-called “dry process’ this large bundle of fibers is processed, 
dried, and cut into the desired lengths. These are blown into 
a fiuffing machine in which a rapidly revolving wheel separates 
the mass, leaving the short lengths of fibers curled and inter¬ 
mixed in all directions. This fluffed, cut rayon is baled in a 
manner similar to cotton. 

In the so-called “wet process” the filaments from a number 
of jets are collected together and are drawn off as a continuous 
tow or rope. This rope is run directly to the cutter while it is 
still wet. The cut material is processed in bulk. This wet 
system allows the cut raw staple to contract and crimp during 
the processing, giving it a spinnability more like that of cotton. 

One reason that spun rayon has achieved such wide ac¬ 
ceptance is that it is much less expensive than the continuous 
filament rayon, since the processing, bleaching, and drying all 
can be done on a much larger scale, thus making possible tre¬ 
mendous productions at a minimum labor cost. A pound of 
staple yam for making spun rayon can be put on the market 
for about one-half the cost of a pound of the continuous fila¬ 
ment yarn. Also, cut staple rayon fibers have the advantage 
over natural staple fibers in that they are more uniform, both 
as to length and size, and can be made to any desired fiber speci¬ 
fication by the spinner. Rayon staple gives a much softer, more 
pliable yam than cotton. The fiber size and staple length of 
the spun rayon are not only more uniform than any of the 
natural fibers, a fact that makes yarn spinning more economical, 
but also the filaments can be spun from bright, semidull, or 
dull material, so that the possibilities of variety of construction 
are almost limitless. 
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Staple-length rayon can be spun on the machines used for the 
natural staple fibers. Although the principles of spinning are 
the same for all staple fibers, differences in diameter, length, 
and other physical properties have resulted in the development 
of machinery particularly suited to each kind of staple fiber. 
For example, the machine for cotton is designed to handle fibers 
that are 0.75 to 2.0 inches in length. The machinery for wool 
is adapted to fiber lengths of 2 to 4 inches. Staple rayon fibers 
of lengths corresponding to cotton and wool fibers can be woven 
on machines used to weave the natural fibers. 

Nylon, —One of the most familiar of the synthetic fibers is 
nylon. Nylon is the generic name for a group of polymeric 
amides formed from dibasic acids and diamines. Currently 
the usual type of nylon is made fi*om the mutual reaction and 
polymerization of adipic acid (HOOCCCH.J^COOH) and hexa- 
methylenediamine (H 2 N(Cn 2 )QNH 2 ). Adipic acid and hexa- 
methylenediamine are produced from benzene by a series of 
transformations. 

Benzene —» Phenol —> Cyclohexanone Adipic acid *-> Adipamide —> 
Adiponitrile Hexamethylenediamine 

Recent the Du Pont Company began the production of hexa¬ 
methylenediamine from furfural (see page 508). 

In the manufacture of the common type of nylon, a salt of 
adipic acid and hexamethylenediamine is formed by combining 
equiinolecular proportions of these substances. Condensation, 
during which water is split out, and polymerization are ac¬ 
complished by heating the salt in an autoclave at temperatures 
ranging from 200 to 300"^ C. The type of structure present in 
the polymer can be indicated as follows : 

HOOC (CHj) ,CO—-[NH (CHj) eNH—CO (CH^) ,CO], —NH (CH*) ,NH* 

The resulting compound is a polyamide, somewhat similar to 
proteins in its structure, in that it contains the peptide linkage. 
This is the characteristic type of linkage of the constituent 
amino acids in proteins (see page 559). 

The valuable properties of nylon arise from the unusual 
regularity of its long chainlike molecule. This molecular ar¬ 
rangement is sufficiently regular for it to give an x-ray pattern 
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of a crystalline substance. Because of the ]ow solubility and 
the high stability of this polyamide, nylon fibers are formed by 
forcing the melted material at 275 to 285° C. through s])in- 
nerettes under conditions of tension so that the solidifying fila¬ 
ments are stretched three to five times. 



Fig. 66.—The birth of nylon filaments. The polyamide resulting from the 
condensation and polymerization of adipic add and hexamethylene diamine 
is melted at 285® C. and forced through tiny holes in the spinnerette. All 
the filaments shown here will be wound together to form nylon yarn. 
(Courtesy of the Du Pont Co.) 


Cold-stretching follows spinning. In this step the filaments 
are gathered together, a lubricant is applied, and they are wound 
on a bobbin or spool. Prom this bobbin the yarn is transferred 
to another bobbin of the same size running four or more times 
as fast. Thus the yarn is stretched to at least four times its 
original length, ''necking’^ down to half its former diameter. 
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During cold-stretching the yarn becomes highly lustrous and 
there is a, remarkable increase in strength and elasticity. The 
yarn then is twisted, wound on spools, and baked in ovens to 
set the twist. 

Before the development of nylon for textile use, monofilament 
(single strand) heavy nylon was used in fish leaders, and as 
bristles for toothbrushes, hair})rushes, paint brushes, and in¬ 
dustrial brushes such as those em])loyed in bottle washing and 
dry cleaning. A more recent development is the use of the heavy 
strands for tennis-racquet strings, which are practically un¬ 
affected by water and atmospheric conditions, and do not 
fray or deteriorate on storage of the rackets. Nylon is used 
for surgical sutures because it has a smooth surface and a low 
wetability. Nylon thread now is available for home use. Tests 
show that this thread has greater strength and elasticity than 
other threads, which property permits gannents to stretch 
under unusual strain without breaking the machine stitching. 
Nylon rope found nuniy uses during ^Yorld War 11, one of 
which was as glider towlines. 

Nylon fabrics are wetted by water, but the fi])ers absorb much 
less water than do other commonly used textile fibers. This 
property explains why nylon stockings dry rapidly. Nylon 
hosiery was released to the countiy^ on May 15, 1940, and within 
the first year about 64 million pairs of Avomen’s hosiery were 
sold. Nylon fabrics are not damaged by the fungi responsible 
for mildew, and they are not attacked by clothes moths. 

Boat owners have found that nylon offers better tensile 
strength, lower water absorption, and a smoother surface than 
other sail fabrics. The manufacturers of women bathing 
suits have taken advantage of nylon's quick drying properties. 
Huge quantities of nylon fabric was used during World War II 
for the manufacture of parachutes because of the high tensile 
strength and elasticity of the nylon material, 

Vinyon. —^Another type of fiber used for fabrics is that 
made from polyvinyl esters. The material used for textile 
fibers is a copolymer of vinyl acetate and vinyl chloride. 

0 

CHii—OCH=CH, 

Vinyl acetate 


HC=:CH, 

I 

Cl 

Vinyl chloride 
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If vinyl acetate and vinyl chloride are mixed together with a 
solvent and a catalyst, and heat is applied, the result is a 
copolymer in which, theoretically, the two materials react with 
each other at the double bond. The resulting product contains 
about 88 per cent vinyl chloride and 12 per cent vinyl acetate. 
The probable structure of the copolymer is thought to be: 

-(CH—CH,~CH—CH-CH—CH,)„- 

dji Cl (^coc^ Cl 

Polymeric copolymer of vinyl acetate and 
vinyl chloride 

The average molecular weight of the copolymer, as made into 
textile fibers, is about 22,000. Vinyon is the trade name for 
the textile made from this copolymer by the Carbide & Carbon 
Chemical Corporation. 

For the production of the synthetic fiber the copolymer is dis¬ 
solved in acetone and is formed into filaments by the same 
process as is used for acetate rayon. The fabric made from 
vinyon yarn has some very unusual properties. The strength 
of the yam is the same in both the wet and the dry states. 
Water wets the material only when wetting agents, such as 
detergents, are used. Vinyon fabrics are exceptionally resistant 
to the action of acids and alkalies. At room temperature the 
fabric is not attacked by 70 per cent nitric acid, concentrated 
hydrochloric or hydrofluoric acids, 30 per cent sodium hy¬ 
droxide, or concentrated ammonium hydroxide. It is also un¬ 
affected by alcohols, glycols, and aliphatic hydrocarbons. It is 
dissolved, however, by ketones, and is partly dissolved by esters, 
ethers, and certain halogenated hydrocarbons. Due to its high 
resistance to the action of most chemical reagents, vinyon is be¬ 
ing used for the manufacture of filter cloth for chemical solu¬ 
tions. Its resistance to wetting makes it also a prized material 
for bathing suits. 

Fiberglas. —A new development in the manufacture of 
fabrics is the use of glass fibers. The material, known as Fiber- 
glas, is made both in continuous filament and staple forms. The 
diameter of the fibers is about 0.00025 inch. Translated into 
more understandable terms, the filament diameter is about one- 
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fifteenth that of a human hair. For the production of Fiberglas, 
glass of high purity first is melted in an electric furnace from 
which it emerges through very fine orifices. The fine streams 
of molten glass are converted into fibers by jets of high pressure 
steam moving at rifle-bullet speed. The fibers then are gathered 
on a suitable winder or revolving drum. A small amount of 
mineral oil is used as a lubricant between the individual fibers 
to minimize friction, which would tend to cause scratching 
and breaking. The lubricant can be removed later by washing 
with soapy water or by extraction with an organic solvent. 
Both continuous filament and staple glass fibers can be processed 
on standard textile machinery after slight modifications and 
adjustments. 

The properties of glass in the forms with which we are fa¬ 
miliar are transparency, hardness, durability, and brittleness. 
Glass that is reduced to the form of verxj fine fibers retains these 
properties, but the brittleness has been reduced until it no 
longer is of practical consideration. Instead of brittleness, there 
are flexibility, resiliency, and extraordinary tensile strength 
The uses to which Fiberglas has been put take advantage of 
these important properties. One of these uses is in the electrical 
industry for the insulation of electric motors and generators. 
Its excellent insulating properties have been utilized in such 
articles as refrigerators, water heaters, and stoves. Filters 
made of Fiberglas for air-conditioning systems have proved 
very successful. Draperies, tapestries, and awnings made of 
glass fabric are not affected by climatic conditions and are fire¬ 
proof and heat resistant. A cigarette can burn its length on 
such a fabric without harmful effects. The stain can be re¬ 
moved with soap and water. 

Glass fibers formerly were available in only four permanent 
glass colors, but a new process of coating glass yarn v/ith a 
very thin film of a protein such as gelatin makes it possible to 
dye the yarns with dyes commonly used for wool and silk. Be¬ 
cause of their thermal insulating and fireproofing properties, 
glass fibers bonded with phenolic plastics are being used in 
railroad passenger and refrigerator cars and in airliners. 
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Protein Fibers.—Proteins as a source of material for textile 
fibers are being studied and developed, but as yet this source 
does not contribute a substantial amount to the textile industry. 
A recent addition to textile fibers is '^Aralac,'' made from 
casein. It is more expensive than rayon and cotton, but less ex¬ 
pensive than wool and fur. As yet it has not been used as the 
sole material for fabrics, but it is said to blend well with other 
textile fibers. It has been used since early 1941 as a part of 
the felting material in hats. 

The process for the manufacture of textile fibers from soy¬ 
bean proteins has been carried out successfully. Most of this 
work has been done by the Ford Motor Company. It is re¬ 
ported that soybean protein fibers show promise in blends of 
wool for use in suiting and upholstery fabrics. 

A textile fiber made from peanut j)rotein lias been developed 
in England under the brand name of Ardil. Fibers from zein, 
the protein of corn, have been made on an experimental scale. 
Lundgren and his associates at the Westeni Regional Lab¬ 
oratory have prepared fibers from waste egg white and chicken 
feathers. More work remains to be done on protein fibers to 
overcome their defect of low tensile strength when they are wet. 

Hemicellulose.—About 20 per cent of the weight of wood 
is a heterogeneous material termed hemicellulose. Under 
different conditions hemicelluloses may function either as 
skeletal or as reserve polysaccharides in plants. They are 
diiferentiated from cellulose by their marked ease of hy¬ 
drolysis. They consist of a mixture of sugars, both hexoses and 
pentoses, in chemical combination; in some cases, uronic acids 
(sugar acids) also may be present. Because of the great vari¬ 
ability in the composition of this material from various sources, 
as well as its heterogeneity, much confusion exists in the litera¬ 
ture concerning this class of carbohydrates. In the pulping of 
wood for the production of pure cellulose, hemicelluloses are 
present in the waste cooking liquors. After the removal of 
lignin these sugars can serve as sources of fermentable carbo¬ 
hydrate for the production of solvents. This process, however, 
has not been developed industrially to any large extent as yet. 
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Mixed or Acidic Polysaccharides 

Pectic Substances. —Pectic substances belong to the acid 
polysaccharides, so called because of their high content of 
uronic acids (sugar acids). A class of pectic sub>stances known 
as protopectin occurs in the middle lamella of plants as a thick¬ 
ening or incrustation, ])articularly in the cell walls of unlignified 
plants. The protopectin from the middle lamella may be very 
different in composition from the protopeetin that occurs in the 
other parts of the plant. A considerable portion of the protopec¬ 
tin is combined witli the cellulose, probably in some cases by 
actual esterification between the carboxyl groups of the iiroto- 
pcctin and the hydroxyl group of cellulose. The protopectin can 
be hydrolyzed free from the cellulose by the enzyme, proto- 
pectinase, or by long-continued heating with water under pres¬ 
sure, or by heating with dilute acids. These treatments convert 
the water-insoluble protopeetin into soluble })ectin. This trans¬ 
formation from insoluble protopeetin to soluble pectin takes 
place during the ripening of fruit. 

Pectin is water soluble and is the best known of the X)ectic 
substances. It is a material with high-molecular weight; it dis¬ 
perses in water to give a viscous, colloidal solution from which 
it is readily precipitated by alcohol. Pectin contains about 10 
to 12 per cent of methyl alcohol combined mainly in the form 
of methyl esters. On treatment of pectin with 0.1 N sodium 
hydroxide in the cold or heating with 0.02 N hydrochloric acid, 
the methyl groups are hydrolyzed off to give methyl alcohol and 
an insoluble derivative, pectic acid. 

Isolation of Pectin. —The common commercial sources of 
pectin are citrus fruits and apple pomace (peelings and pulp), 
fn citrus fruits the pectin occurs largely in the white peel por¬ 
tion (albedo), which lies beneath the pigmented and oil- 
containing outer rind (flavedo). Lemon rinds contain 30 to 35 
per cent pectin, and apple pomace contains from 10 to 15 per 
cent pectin, both on a dry-weight basis. 

In the newer methods of preparing pectin, the pectin-contain¬ 
ing material is heated in water acidified to pH 2-3 and con¬ 
taining 3-5 per cent of a polyphosphate, such as sodium tetra- 
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phosphate or sodium hexametaphosphate (Calgoii). The aque¬ 
ous extraet usually is pressed from the residue, filtered, and the 
pectin precipitated, washed with alcohol, and dried. However, 
there are several methods for the separation of the pectin. In 
one method it is precipitated with alcohol. In another, it is 
precipitated with aluminum sulfate and ammonia. In still an¬ 
other, the extract is dried by being sprayed on a heated, re¬ 
volving drum. In some cases the extract is evaporated and sold 
as a syrup. The commercial product ‘‘Certo'' is an example of 
this type of pectin. These liquid forms contain from 4 to 4.5 
per cent pectin. 

For the formation of an acceptable jam or jelly, sugar (usu¬ 
ally sucrose), acid, and pectin must be present in the proper 
concentrations. Fsing ordinary unmodified ])ectin the opiinud 
conditions for the i)reparation of jellies are from 55 to 65 per 
cent sucrose, pH 3 to 3.4, and from 0.7 to 1.0 per cent }>eetin. 
Commercial jellies must be firmer for shipping, and usually 
contain about 1.25 per cent pectiii. According to Olsen, if we 
take for granted that i)ectin is a negatively charged, hydro¬ 
philic colloid (and this seems a permissible assumption), then 
in the formation of a jelly, the sugar acts as a dehydrating 
agent, and the hydrogen ions from the acid reduce the negative 
charges on the pectin, thus ])ermitting the latter to coalesce 
in the form of a network, (delation is aided by brief boiling 
in a slightly acid solution because some of the methyl ester 
groups are split off. Boiling for too long is detrimental since 
the pectin molecule itself is hydrolyzed and the jelly becomes 
progressively thinner. 

Structure of Pectin. —The present conception of the struc¬ 
ture of pectin is that the backbone or principal portion of the 
complex is composed of a chain of galacturonic acid units. The 
galacturonide units have the i)yraiiose ring structure and are 
linked together by glycosidic bonds. The proportion of car¬ 
boxyl groups of the galacturonide units that are esterified with 
methyl groups varies widely depending on the source, method 
of isolation, and treatment of the particular sample of pectin. 
Although they are essentially polygalacturonides, pectins also 
contain D-galactans and L-arabana. The relative amount of 
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araban or galactan seems to depend largely upon the source 
from which the pectin is obtained. Some pectins contain up to 
30 per cent arabans while others contain up to 40 per cent 
galactans. It is fairly certain that the galactan is composed of 
j3-D-galactopyranose units linked by 1,4-glycosidic bonds. The 
araban, on the other hand, is a branched chain group composed 
of arabinose units in the furanase form linked together by 
1,5-glycosidic bonds. Branching is thought to occur by link¬ 
age through 1,2 positions. Just how the arabans and galac- 
tans arc joined to the main chain is not clearly understood; 
probably they arc held by covalent bonds. It has been shown 
tliat the characteristic properties of pee’tin such as gelation 
are i)rincipally properties of the polygalacturonide chain. The 
galaetans and arabans, often called '‘ballast materials,’’ act 
mainly as diluents. 

Uses of Pectin. —The largest use of pectin is in the forma¬ 
tion of jams and jellies, but, in addition, other uses are being 
developed as mass production lowers the cost of the product. 
Pectin is used in hand and face lotions. Bakery products con¬ 
taining pectin retain their moisture and remain fresh longer. 
Pectin has been used in the quick-freezing process for fruits, 
especially strawberries, in which it functions to preserve the 
firmness and the natural color of the fruit. Kutscher and Blum- 
berg reported that the treatment of diarrhea in infants with 
pectin, agar, and Dextri-Maltose in a whole milk formula is a 
safe, effective, and satisfactory procedure. It has been found 
that when pectin is introduced intramuscularly, it exerts a 
distinct accelerating effect on the coagulation of drawn blood. 
However, it has no coagulating effect on circulating blood. 
Kochs found this treatment with pectin to be useful in lung 
bleeding, ulcerative colitis, and for bleeding in mouth and nose 
cavities. Pectin as a basis of medicated salves has been success¬ 
fully used in the treatment of bedsores and ulcers that are diffi¬ 
cult to heal. 

Within the last few years considerable research has been 
done on preparing i>ectins with low methoxyl content without 
appreciable degradation of the pectin molecule. According to 
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the new system ot* nomenelatiire peetiiis containing mure than 
a negligible ])ro])ortion of methyl ester groups are called pcciinic 
acids. The most suitable methods for dc-sterifieation of i)eetins 
to form pectinic acid appears to be by means of the enzyme 
(peetase) from tomatoes or by the action of ammonium hydrox¬ 
ide at lb" C. One advantage of the low methoxyl pectins is 
that they make possible tlie preparation of low solid gels. Such 
jellies made by using ]>ectinic arids may have a sugar (‘on- 
centration as low as 35 per cent. The (*()]i('(mti‘ation of cal¬ 
cium ions is extremely important in the formation of this type 
of gels. As an cxam[)le, ])ectinic acids having nuhhoxyl (*on- 
tents of 3-4 ])er cent and vi.scosities of 6-10 centij)oises need 
from 15 to 20 mg. of calcium ions per gram of pectinic acid 
for gel formation. TIk^ importan<‘e of (*alcium ions in gelation 
affords the t)ossi})ility of ])reparing attractive and palatable 
gels from milk and milk ]>roducts. Another ])ro]>osed use for 
low methoxyl })ectin is as a sairsage (*asing or [>r*oteclive filni 
for other foods. The sausage is di])ped in a wai*m solution of 
low-methoxyl pest in containing calcium ions. Tht‘ adhering 
licluid gels on cooling and is dried in a ciUTcmt of war*m air. 
If the coated })]‘oduct is boiled the coating dissolves; if fried, 
the film may be consumed with the meat since it is tender and 
edible. 

Gums.—The plant gums are substances that yield sugars 
and related compounds on hydrolysis. Gums, in most cases, are 
abnormal products formed ])y plants as a result of injury, dis¬ 
ease, or adverse (dimatic conditions. When dry, gums arc 
rather hard, translucent, amorphous bodies. Most gums are 
soluble in water, and form sticky, colloidal solutions from Avhicli 
they can be precipitated by alcohol. The natural gums usually 
are levorotatory, a characteristic that serves to distinguish them 
from the dextrins which are dextrorotatory. After prolonged 
boiling with acid, the gums yield mixtures of pentoses, hexoses, 
and aldobionic acids. The aldobionic acids are uronic acids in 
which a sugar is linked to the number one carbon atom by a 
glucosidic type of linkage. For example, galacto-glucuronic 
acid is a typical aldobionic acid. 
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H—C—O—galactose 



I 

COOH 

Galacto-glucuronic acid 


The aldobionie acids j?ive acid properties to the gums. In 
the plants they usually are present as the potassium, calcium, or 
magnesium salt of tliese acids. 

One of the gums of commercial importance is gum arabic 
(acacia). It is obtained from an exudate on the branches of 
some si)ecies of acacia trees. On hydrolysis gum arabic 
yields galactose, arabinose, and aldobionie acids. Gum arabic 
is used in the formation of watcr-in-oil emulsions. During 
World War I sterile solutions of gum arabic were injected 
intravenously to increase the blood volume in cases of excessive 
loss of blood. 

Another gum of commercial importance is tragacanth. On 
hydrolysis it gives arabinose, xylose, galactose, and one of the 
aldobionie acids. It is used widely in hand lotions. 

Mucilages. —The mucilages differ from the gums in that they 
are normal components of certain plants that possess mucilage- 
secreting hairs or special mucilage cells. In some plants the 
mucilage is concentrated in the outer walls. Mucilages adsorb 
water readily, thereby increasing the hydration capacity of the 
plant. Mucilages are odorless, tasteless substances that swell 
markedly in water, forming colloidal suspensions that set to 
rigid gels on cooling. Agar-agar (agar) is the most common 
mucilage. The commercial product is the dried and partly 
bleached extract of certain red algae, more commonly referred 
to as seaweeds. These grow in enormous quantities, especially on 
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the West Coast of the United States. Agar is the sulfuric acid 
ester of a complex polysaccharide. The gel formed by agar is 
not liquefied by the bacteria that liquefy gelatin, and partly 
for this reason, agar is a frequently used ingredient for the 
preparation of slants^’ for bacterial colonies. Agar is not 
digestible, and so adds bulk to the food. When it is combined 
with mineral oil in an emulsion, it functions as an aperient. 

Another mucilage is carrageen (Irish moss), which is obtained 
by extracting the seaweed Chrondrus vrispus with boiling wa¬ 
ter. Plymouth County, Massachusetts, and Prince Edward 
Island, Canada, are important centers of production. Irish 
moss is used in making blanc mange and other puddings, as a 
clarifying agent for ])everages, and in concentrations of 0.045 
per cent as a stabilizer for chocolate in chocolate-milk bever¬ 
ages. 

Lignin. —^Lignin occurs in the middle lamella and in the 
cell walls of plants. It will be remembered that these are also 
the parts of the plant in which pectin occurs. As a rule, how¬ 
ever, the two polysaccharides are not found associated to any 
great extent. Where there is a high content of one, there is lit¬ 
tle of the other. The importance of lignin can be appreciated 
better when it is considered that lignin composes from 25 to 30 
per cent of the weight of wood. In the manufacture of wood 
pulp the lignin must be removed. The sulfate, sulfite, and soda 
processes for the production of wood pulp all are concerned 
mainly with the removal of lignin. 

In the sulfite process wood cut up into small chips is heated 
for ten hours under 100 pounds of steam pressure in tanks known 
as digestors. The sulfite cooking liquor, which contains mainly 
calcium bisulfite, Ca ( 11803 ) 2 , is formed by the reaction of an 
excess of sulfur dioxide on lime. Under the conditions of the 
digestion the lignin in the wood is converted to soluble calcium 
lignosulfonates. In the United States and Canada the waste 
sulfite liquors resulting from the production of sulfite pulp have 
been estimated to contain about 2,500,000 tons of lignin, 
1 ,000,000 tons of simple reducing sugars, and 680,000 tons of 
organic acids per year. For the recovery of lignin sulfonate. 
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the waste sulfite liquors are made alkaline, and the precipitate 
of lignin sulfonate can be separated in filter presses. 

Some of the large quantities of lignin that potentially are 
available are being used for the production of vanillin and lignin 
plastics. The vanillin is made by an alkaline processing of lignin 
sulfonate, followed by extraction with organic solvents and final 
purification. A large proportion of the vanillin consumed in 
this country is made by this process. 

The soda and sulfate processes employ alkaline cooking liquids. 
In the soda process this is, essentially, a dilute solution of sodium 
hydroxide. In the sulfate process the alkaline solution contains 
sodium hydroxide, sodium sulfate, sodium sulfide, and sodium 
carbonate. The lignin in the spent liquor from these processes 
is present as the soluble sodium salt and is precipitated on 
acidification. 

Although many research workers in a number of countries 
have worked on the structure of lignin for over a hundred years, 
the problem still is far from being solved. AU workers agree 
that lignin contains methoxyl groups. The estimation of these 
methoxyl groups has been used to characterize and determine 
the purity of samples of lignin. In addition, it has been estab¬ 
lished that phenolic and alcoholic hydroxyl groups are present in 
the molecule. Vanillin and coniferyl aldehyde have been identi¬ 
fied among the decomposition products of lignin. No structure 
that will account for all the known decomposition products and 
properties has been proposed that is acceptable to the leading 
research workers in the field. 

Uses of Lignin. —New uses of lignin are being sought be¬ 
cause potentially large quantities are available. Combined with 
other materials, lignin is being used as a roofing material. Also, 
it has been used successfully as a binding material in road build¬ 
ing. The production of vanillin from lignin already has been 
mentioned. The incorporation of lignin as a part of the negative 
plates of storage batteries has been found to result in a ten-fold 
increase of current output in zero weather. The use of lignin as 
a material for the manufacture of plastics has been investi¬ 
gated. Plasticized with such substances as furfural, it gives a 
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product that can be hot-pressed to give a hard, black, molded 
product at a low cost. A successful use of lignin is to replace 
part of the more exi)ensive phenolic resin in the thermosetting 
types of plastic. Lignin has been used as an agent for re¬ 
moving iron from water for domestic and industrial purposes. 

Olucosides. —The methyl glucosides, previously considered 
(see page 331), are the simplest members of a large group ot 
naturally occurring substances. The general formula of the 
glucosides can be represented : 


H—o—o—R 



H~C 


I 

CH,OH 

a-Glucoside 

R denotes the nonsugar group, usually referred to as the 
aglucone group.* 

It is obvious that sugars other than glucose can be present 
in this type of compound. Glycosides is a widely used general 
term that includes all compounds of this general structure re¬ 
gardless of the sugar present. If this general term is used, 
then the glucosides arc a subdivision of this group. However, 
since the glucosides are by far the most important and most 
widely distributed class, they will be the only group considered 
at length. 

Glucosides usually arc obtained from plant materials by ex¬ 
traction with water or an organic solvent, such as alcohol. When 
water is used as a solvent, the extraction mixture must be heated 
to the boiling point at the beginning of the extraction in order 
to inactivate the enzymes normally present; otherwise the glu- 
coside would be hydrolyzed during the extraction. Where glu¬ 
cosides occur in plants, the enzymes that will hydrolyze them 
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usually are present, but not within the same cell. When tlic 
plant cell walk are broken by grinding or freezing, the glucoside 
and enzyme come into contact, and hydrolysis results unless the 
enzyme has been inactivated. All glueosides arc hydrolyzed by 
heating with an acid, yielding a sugar and an organic residue. 

Among the phenolic glueosides is arhuiin. The aglucone group 
is hydroquiuonc (page 441), 011——Oil. Arbutin can be 
isolated from the leaves, ])ark, and roots of many varieties of 
pears. 

Salicin is a colorle.ss, ciystalline, bitter-tasting glucoside that 
can be isolated from willow bark. On hydrolysis salicin yields 
glucose and salieyl alcohol. Oxidation of the latter gives salicylic 
acid, derivatives of which are used for the relief of pain. 
As])irin, a(‘etylsalieylie acid, is perhaps the most widely used 
of these derivatives. Salicylic acid and its salts are used in the 
treatment of rheumatism, but salicin, when used for this pur¬ 
pose, has the advantages of being less irritating and producing 
fewer digestive disturbances. 

Phlorhizin is a glucoside found most abundantly in the root 
bark of apple, pear, cherry, and plum trees. It possesses the 
remarkable i^roperty of causing renal diabetes, or artificial glu- 
cosuria, when taken internally or when injected subcutaneously. 
Much of the ex])erimental work on diabetes has been done on 
phlorhizinized dogs. 

Many soluble plant pigments are glueosides. The soluble 
red, blue, and violet pigments of flowers, fruits, and leaves are 
glueosides known as anthoeyanins. These glueosides on hy¬ 
drolysis yield a sugar and an anthocyanidin. In some cases, 
more than one molecule of hexose is obtained, and the sugar may 
not be gluco.se. The presence of anthoeyanins in plants is re¬ 
sponsible for the color of flowers, of foliage plants, and of the 
brilliant autumnal foliage. In the case of the development of 
the color in autumnal foliage, the freezing temperatures rupture 
the cell walls, thus allowing enzymes to hydrolyze the glueosides 
and set free the anthocyanidin. The low temperature also inter¬ 
feres with carbohydrate metabolism, and this may be another 
factor in the formation of the pigment. A typical anthocyanidin 
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is cyanidin, which occurs in the cornflower, the red rose, and the 
deep red dahlia. It is believed to have the following structure: 


HO 


Cl 

I 


_OH 


OH 


OH 

Cyanidin chloride 


The point of attachment of the sugar molecule has not been 
established definitely. The oxygen in the ring is basic and with 
acids forms oxonium salts in which the oxygen apparently is 
quadrivalent. The formation of these oxonium salts is utilized 
in the isolation of the anthocyanins. The wide range of hues 
in plants likely is produced by variations in the acidity of the 
cell sap. The anthocyanins act somewhat like indicators, since 
they form red oxonium salts in acid solution, blue-green salts 
in neutral solution, and blue salts in alkaline solution. This 
phenomenon can be observed in the cooking of red cabbage. If 
the red color is to be retained, a small amount of acid, in the 
form of vinegar or lemon juice, is added. If cooked in ordinary 
tap water, the alkalinity will be sufficient to cause the cabbage 
to turn blue. 

Other glucosides that are responsible for the color in flowers 
and leaves are the flavones and the xanthones. The aglucone 
group in these compounds is similar in structure to that of 
the anthocyanins. 

Another group of glucosides is the cyanophoric, or cyano- 
genetic, glucosides, characterized by yielding hydrocyanic acid 
on hydrolysis by acid or the appropriate enzyme. The cyano¬ 
phoric glucosides are distributed fairly widely and are present in 
several forage plants of economic importance. Awygdalin is 
one of the best known of these glucosides. It occurs in the seed 
of the bitter almond and in the kernels of plums, peaches, prunes, 
and apricots. Hydrolysis by acids or by the enzyme emulsin 
yields benzaldehyde, hydrocyanic acid, and two molecules of 
glucose. 
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Dhurrin is a eyaiiogenetic glucoside present in sorghum, mil¬ 
let, and Sudan grass. On hydrolysis it yields p-hydroxybenzalde- 
hyde, hydrocyanic acid, and two molecules of glucose. The hy¬ 
drocyanic acid content of this glucoside is responsible for the an¬ 
nual loss of a large number of livestock. The cured hay from 
these forages is not toxic, but under certain conditions and stages 
of growth one plant may contain a lethal dose of hydrocyanic 
acid. Young plants about 3 inches high, sprouts produced in the 
the fall or during cold damp weather, or the mature plants after 
a light frost may contain quantities of hydrocyanic acid that 
are poisonous for livestock. The intravenous injection of sodium 
nitrite solutions as soon as symptoms of the poisoning are noticed 
has been found effective as an antidote. 

Another naturally occurring glucoside is indican. On hy¬ 
drolysis it yields glucose and indoxyl. Indoxyl is colorless and 
readily undergoes oxidation on contact with air to give the dye 
indigo blue. Indican was formerly the source of this important 
dye, but now it has been supplanted by synthetic products (see 
page 503), 

Other substances that are related in general structure to the 
glucosides are the digitalis and saponin glycosides. The leaves of 
the foxglove contain at least five glycosides that are the active 
principles of digitalis, used in the treatment of heart diseases. 
The digitalis glycosides decrease the frequency and strengthen 
the intensity of the heartbeat. No universally satisfactory sub¬ 
stitute has been found to replace the digitalis glycosides in 
medicine. 

The saponins are a class of glycosides widely distributed in 
plants. The characteristic properties of this class of glycosides 
are the production of a soapy foam on mixing with water and 
their toxicity to cold-blooded animals, such as fish and frogs. 
Formerly, they were used to increase the foaming of beverages, 
such as beer, but since they now are known to have a dissolving 
action on the red blood corpuscles, this use generally is pro¬ 
hibited by law. The aborigines of South America employed the 
saponins as fish poisons. The macerated root of plants con¬ 
taining saponins was thrown on the lake or river, and the fish 
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that floated to the surface were collected. The saponins are 
toxic to flsh in concentrations of one part of tliis glycoside to 
f ,000,000 parts of water. 

Study Questions 

1. What is the function of pentosans in plants? What are source.s of 
xylan and araban? 

2. What is the function of starch in the plant? Describe the process 
for the isolation of starch from corn. 

3. List four reasons why starch has been studied so extensively. 

4. What is the most widely used method of measuring the amount of swell¬ 
ing or hydration of starch? What are some compounds that will cause 
the gelatinization of starch at room temperature? 

5. What are the two principal components of the starch granule? Which 
of these is present in the greater amount? Describe a method by 
which the components can be separated from each other. 

6. How do o:-amylase and ^amylase dilTer in their hydrolyzing action on 
starch ? 

7. What are the names of the various dextrin.s resulting from the action 
of a-amylase on starch? What color reactions with iodine do these 
dextrins yield? 

8. Of what .‘^igniticance is the isolation of cellotriose from cellulose? 

9. Describe the production of corn syrup from cornstarch. What are some 
uses of this product? 

10. How is l)-gluc{)se, oi- dextrose, obtaiiie<l from starch? What are some 
uses of this product? 

n. List six uses of starch, 

12. What is another name for animal starch? In what three particulars 
does it differ from plant starch? 

13. From what sources can inulin be isolated? What sugar does it yield 
on hydrolysis? 

14. What are the functions of cellulose in plants? 

15. What is the portion of cellulose that is insoluble in 17.5 per cent sodium 
hydroxide called? Approximately what percentage of this component 
is contained in cotton? In wood? 

16. What is the name of the disaccharide unit in cellulose? Write the 
perspective formula for this compound. 

17. What is H. Markus theory in regard to the arrangement of the cellulose 
molecules in fibers? 

18. Describe briefly the three principal methods for the manufacture of 
rayon. Name the principal chemicals used in each process. 

19. In what respect does cellulose acetate differ chemically from the other 
types of rayon? 
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20. What are some of the advantages and disadvantages of cellulose acetate 
as a textile fiber? 

23. What is Cel-O-Glasa? For what is it used? 

22. Describe the manufacture of smokeless powder. 

23. What is pyroxylin? What are some uses of this compound? How 
is celluloid related to pyroxylin? 

24. What are some advantages that rayon possesses over the natural 
libera? How is spun rayon made? How does it compare in cost with 
the ordinary type of rayon? 

25. Explain how tlie iiuiiiufaelurers can claim that nylon is made from 
‘ ‘ coal, air, and water. ’ * 

2(). What are some uses of the large diameter, monofilament nylon? 

27. What are the basic chemical substances used in vinyon? What charac¬ 
teristics do vinyon fabrics possess that make them valuable for use as 
filt(;r c'loth for chemical solutions? 

28. Why is fabric made from glass fibers not breakable like ordinary glass? 
What arc some practical use.s of Fiberghis? 

29. Name several textile fibers made from proteins as a raw material. 

30. What are two industrial sources of pectin? 

31. Wliat arc the optimal conditions for jelly making? 

32. Name a typical gum and tell for wdiat it is used. What types of 
product are obtained when gums are boiled with acid? 

33. In what respect do mucilages differ from gums? Name a mucilage of 
commercial importance. 

34. What is the name of one process for removing lignin from wood? 
Upon what chemical transformation in the lignin does this depend? 

35. What i.s the chanicteristic chemical group that is found in lignin from 
all sources? 

36. Write the type formula for a gliicoside. What is the aglucone group 
in arbutin? 

37. What is the principal use of phlorhizin? Of salicin? 

38. How do you account for the development of the brilliant autumnal 
foliage? 

39. Why is dhurriu of importance? 

40. What is the physiological effect of the digitalis glucoside.s? 
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CHAPTER XVI 

AROMATIC HYDROCARBONS 

Introduction.—The organic compounds we have discussed 
thus far have belonged to the large class of substances termed 
aliphatic compounds. The word ''aliphatic’’ is derived from 
the Greek word meaning fats, and early in the history of chem¬ 
istry many of the compounds that we have been discussing actu¬ 
ally were obtained from fats. From a structural standpoint a 
more fundamental concept of aliphatic compounds is that they 
are "open chain” compounds; the carbon atoms in these com¬ 
pounds are not combined to form closed rings or cycles.* 

The section of organic chemistry that we are to consider now 
is designated aromatic chemistry. The word "aromatic” origi¬ 
nated from the observations of pioneer organic chemists that 
certain substances with similar chemical and physical properties 
all possess a pleasant aroma. Examples of such substances are 
oil of wintergreen, oil of bitter almonds, and vanilla. Much 
later it was found that these substances contained their carbon 
atoms united in closed rings, but the name "aromatic” was re¬ 
tained and is applied to the class of organic compounds that 
characteristically contain six carbon atoms in a closed ring or 
cycle. In a typical aromatic compound the ring of six carbon 
atoms contains three double bonds. It is known now that the 
property of possessing a pleasant aroma is not a characteristic 
property of aromatic compounds alone, for aliphatic esters, as 
a rule, have very agreeable odors. Also, there are certain com¬ 
pounds possessing a closed-ring type of structure that are odor¬ 
less. 

The aromatic compounds will be discussed in much the same 
sequence as were the aliphatic compounds. Accordingly, we 
shall consider the aromatic hydrocarbons first. 

Benzene 

Benzene occupies a more important place in aromatic chem¬ 
istry than does methane in the aliphatic series of compounds. A 

few derivatives of the aliphatic compounds, such as anhydrides and 
lactones, are exceptions to this g-eneral statement. 

407 
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great many aromatic compounds are derivatives of benzene, and 
a great many others arc related in structure to it. 

Structure of Benzene. — An analysis for the elements and a 
molecular weiglit determination have shown that benzene has 
the molecular formula CoH^. The graphic formula for benzene, 
however, can be proved only on the basis of chemical reactions. 
If benzene were an aliphatic compound, it would belong to the 
series having the general formula CiJTgn-o. This would mean 
that benzene would be highly unsaturated. If we examine some 
of the properties of benzene, however, we find that it does not 
react like an unsaturated comiDOund: 

1. Benzene does not react with hydrobromic acid under 
ordinary conditions. 

2. Benzene does not decolorize potassium permanganate, which 
is used in Baeyer^s test for the ethylenic type of double 
bond. 

3. Benzene does not react when mixed with bromine. 

4. Benzene does not react with nascent hydrogen (an acid 
plus a metal). 

Hence, judged by the criteria for aliphatic compounds, we must 
conclude that benzene behaves like a saturated compound. On 
the other hand, if we examine the reactions that benzene under¬ 
goes, we find that in the presence of finely divided nickel as a 
catalyst, benzene adds six hydrogens to yield a compound with 
the formula CeHi 2 - This reaction indicates the presence of three 
double bonds in benzene, 

Ni 

+ 3 H,-> C.H, 

Benzene Hexahydrobenzene 

Although benzene does not react when mixed with bromine, 
substitution takes place if a catalyst such as iron filings is pres¬ 
ent. 

Fe 

^ings 

^ + BFj > CgHgBr 4- HBr 

Benzene Bromobeiizene 

Regardless of the conditions or the halogen used, one and only 
one monosubstituted product of benzenfe can be obtained. This 
reaction shows that all the hydrogens in benzene are equivalent; 
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otherwise, more than one monosubstitution product could result 
from the reaction. A graphic formula for benzene that explains 
its reactions must take into account the presence of three double 
bonds and the equivalence of the six hydrogens. The proposal 
of a formula for benzene that would meet these requirements sat¬ 
isfactorily was one of the most perplexing problems that 
confronted organic chemists in the middle of the nineteenth 
century. The formula that has stood most satisfactorily the test 
of time is the one proposed by Kekule in 1865. Kekul6, a 
German chemist, was teaching in London at the time. The story 
goes that Kekule was sitting in front of his fireplace one night, 
dozing and dreaming. In one of his dreams, it is said, he saw 
a snake bite its tail. This gave him the idea of a ring structure 
for benzene. Whether or not imbibition of fermented beverages 
had an effect on the zoological nature of his dream is not re¬ 
ported. 

The structural formula for benzene proposed by Kekule is as 
follows: jj 

C 

UC \h 

II I 

HC CH 

\ 

C 

H 

Benzene 

The alteniate double bonds account for the unsatisfied valences 
of carbon and explain the possibility of the addition of six 
hydrogen atoms. The relationship of each of the carbon atoms 
to the molecule is the same, so that the hydrogen atoms attached 
to these carbon atoms are equivalent. This equivalence is re¬ 
flected in the formation of only one monosubstitution product. 

For convenience in printing, the formula of benzene is repre¬ 
sented sometimes by a hexagon. The double bonds and the 
hydrogens are not shown. However, the student should re¬ 
member continually that there are alternate double bonds, and 
that a hydrogen atom is attached to each carbon atom unless 
some other group is indicated, signifying that one of the hy¬ 
drogens has been replaced. 
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From an examination of the Kekule formula for benzene, it 
could be predicted that there would be three disubstitution 
products of benzene. This has been found to be true. Assuming 
X to represent a group that has substituted for a hydrogen 
atom, the structures of the three isomers are: 


X 

X 

X 


/\ 

/\ 

\/ 


\/ 



X 

Ortho (o) 

Meta (m) 

Para (p) 

The isomer in which 

the substituted 

groups are on adjacent 


carbon atoms is termed ortho, often abbreviated o-. The isomer 
having one carbon atom between the two substituted groups is 
known as meta (m-). The third isomer, in which the substituted 
groups are on the carbons across the ring from each other, or 
in which there are two carbon atoms intervening, is designated 
the para isomer (p-). 

One objection that soon was raised to the formula for ben¬ 
zene proposed by Kekule centers about its possession of double 
bonds. From the formula it would seem that there should be 
two compounds, instead of only one, when the substituted groups 
are adjacent to each other. It was pointed out that this neces¬ 
sarily would follow, because in one instance the carbons carrying 
the two substituted groups would be connected by a double 
bond, while in the other instance the carbons would be linked 
by a single bond. This obj^tion to the Kekule formula was met 
by the hypothesis that the double bonds in the proposed formula 
are not static, but are shifting continually between two adjacent 
positions, as the following diagrams illustrate: 


r 




4 - 



The two forms are equivalent and indistinguishable from each 
other; their interconversion i-equires only a redistribution of the 
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valence electrons. Such a phenomena is known as resonance. 
It accounts for the relative stability and the lowered reactivity 
of benzene. X-ray data of crystalline derivatives of benzene 
show that all the C — C bonds in benzene are of the same length. 
However, they are slightly longei* than the ordinary C—C single 
l)ond, but shorter than the space in a regular C=C double bond. 
This correlates with the idea that benzene is a resonating hybrid. 

Commercial Source of Benzene. —Benzene is one of the by¬ 
products resulting from the destructive distillation of bituminous 
(soft) coal. When coal is heated in a closed chamber in the ab¬ 
sence of air, the products that are separated from the distillation 
of one ton of coal are: 

Distillation products from 
one ton of soft coal 

Gases (hydrogen, methane, carbon monoxide) 10,000*11,000 cu. ft. 

Ammonium sulfate 18-30 pounds 

Coke 1,200-1,500 pounds 

Coal tar 10-15 gallons 

The gases are used to heat the coke ovens or are sold to munici¬ 
palities as domestic fuel. The ammonia is separated by passage 
through sulfuric acid solution in which the ammonia is retained 
as ammonium sulfate. The coke is used principally in the metal¬ 
lurgical industry for the reduction of ores to the free metals. 
The coal tar fraction is the principal source of aromatic com¬ 
pounds. In general, the following fractions are separated: 

1. Light oil fraction (up to 170® C.) 

Benzene 

Toluene 

Xylene 

2. Middle oil (up to 225® C.) 

Phenol 
Naphthalene 
Pyridine bases 

3. Creosote oil (heavy oil) (up to 270® C.) 

Cresols 

4. Green oil (up to 820® C.) 

Anthracene 

Pl^nanthrene 

Laboratory Preparation of Benzene. —Benzene obtained from 
coal tar always contains a small amount of thiophene, a sulfur 
compound that can be removed only by chemical treatment. Pure 
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benzene can be prepared in the laboratory by the polymeriza¬ 
tion of acetylene in a hot tube. Three molecules of acetylene 
polymerize to give a molecule of benzene. This reaction illus¬ 
trates the preparation of an aromatic compound from an un¬ 
saturated aliphatic compound. 


Acetylene 


650^* C. 


Fe-Si-Cr 

catalysts 


C.H. 


Benzene 



Fig^. 57.—Battery of Koppers by-product coke ovens. The large horizontal 
pipe at the top of the ovens is for the collection of the coal tar and other 
volatile substances driven off during the coking process. Coal tar obtained 
by this process is the principal source of aromatic compounds. (Courtesy 
of Ketchum, Macleod, and Grove, Inc.) 


Benzene is a colorless liquid boiling at 80.4° C. It is insoluble 
in water, but is soluble in alcohol and ether. Benzene is toxic 
to man. Taken internally, it is fatal. If low concentrations of 
the vapors are inhaled over a long period of time, a decrease in 
the production of both the red and white blood corpuscles, which 
may result in death, takes place. Contact with the skin also is 
harmful. 

Large quantities of benzene are used in motor fuel to increase 
the antiknock value of the gasoline. The so-called benzol blends 
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are such mixtures. Benzene is used as a solvent for rubber, fats, 
and resins, and in the preparation of rubber cement. It is the 
starting material for the manufacture of a large number of 
other aromatic compounds, such as synthetic phenol, nitroben¬ 
zene, aniline, chlorobenzene, and others. 



BMg:. 58.—Red-hot coke being “pushed” in a single stroke of a ram from 
a Koppers by-product coke oven into a waiting railroad car after the re¬ 
moval of the volatile products. Coke Is a highly strategic material in the 
manufacture of steel. The demand for coke has become so great that the 
old-time, beehive type of ovens, which do not recover the by-products, again 
are being used in order to supply the demand. (Courtesy of Ketchum, 
Macleod, and Grove, ^c.) 


Chemical Properties of Benzene.—Three important substitu¬ 
tion reactions of benzene are halogenation, nitration, and 
sulfonation. These reactions diifer from the corresponding 
ones in the aliphatic series in several important respects. The 
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differences exhibited by these reactions illustrate more than 
anything else the characteristic properties of aromatic com¬ 
pounds. 

Halogenation, Chlorine and bromine can be introduced into 
the benzene ring by the direct action of the halogens on ben¬ 
zene in the presence of a catalyst. Chlorobenzene is an example 
of an aryl halide, which corresponds to an alkyl halide in the 
aliphatic series. The aryl halides differ markedly from the alkyl 
halides in some of their properties. The outstanding difference 
between the two classes of compounds is the nonreactivity of the 
halogen atom in the aryl halides. With sodium hydroxide, alkyl 
halides yield alcohols, but the halogen atom in aryl halides is not 
replaced by an hydroxyl group when the halide is treated with 
sodium hydroxide at ordinary temperature and pressure. At 
high temperature and pressure, however, sodium liydroxide re¬ 
acts with chlorobenzene to form hydroxybenzene or phenol. 
Neither does ammonia react with the halogen in aryl halides 
under ordinary conditions to give amino compounds. At high 
temperature and pressure reaction occurs, with the formation 
of amines. The aryl halides, however, react with magnesium 
to form Grignard reagents, and with sodium to give hydro¬ 
carbons of high-molecular weight. 

At high temperatures and with a high concentration of 
halogen, the dihalogen derivatives of benzene can be prepared. 
When two hydrogens are substituted, there are, as we have 
learned, three possible isomers; hence, there are three dichloro¬ 
benzenes. The product obtained by the further chlorination of 
chlorobenzene is a mixture of seven parts of para isomer to one 
part of ortho isomer. Only a small amount of the meta isomer 
is formed. 



Chlorobenzene 


Cl Cl 



and 

\/ 



o-Dichlorobenzene p-Dichlorobenzene 


In 1946 the production of p-dichlorobenzene amounted to 
31,128,000 pounds. p-Dichlorobenzene is used widely as an 
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insecticide to protect woolens from moths, and to protect peach 
trees from the peach tree borer. 

Chlorobenzene, when it is heated with chloral in the pres¬ 
ence of a condensing agent such as chlorosulfonic acid, yields 
dichlorodiphenyltriehloroethane, or D.D.T., the widely used 
insecticide. 


2C1<[ ^ ^ + 0=0—CClj 


H 


Chlorobenzeiio (Chloral 



In 1946 about 48,000,000 pounds of D.D.T. were ])roduced. 

Hexachlorobenzene, Cammexane (CleC'eHJ, is the first in¬ 
secticide that gives promise of destroying the cotton boll weevil. 
This insecticide is a three-way poison—a contact, a stomach, 
and a fumigant insecticide. To some insects it is several times 
as toxic as D.D.T., but it is much less toxic to warm-blooded 
animals. 

Orientation of Substituting Groups in the Benzene Ring. If 
one of the hydrogens in benzene is substituted by a group or 
atom, the position taken by a second element or group in the 
ring does not occur in a haphazard fashion, but takes place in 
a predictable manner. The position taken by the second group 
is dependent on the nature of the group already present in the 
molecule, and is almost independent of the nature of the enter¬ 
ing atom or group. With the advent of new knowledge of 
aromatic structure, and the development of theoretical organic 
chemistry, an explanation for the selection of the position taken 
by a particular group now is possible. Such explanations, how¬ 
ever, are much too involved for the beginner. The following 
empirical rules, the essentials of which were proposed by Vor- 
lander in 1902, will suffice for our purpose. 

1. If the atom or group attached to the benzene ring is satu¬ 
rated (carries only single bonds), the entering group will 
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take mainly the position ortho or para to the position of 
the group already present. Such ortho and para directing 
groups are: 

a. The halogens (P, Cl, Br, and I) 

b. The hydroxyl group (~OH) 

c. Alkyl groups (CH.,—, —, etc.) 

d. Substituted alkyj groups (CHgX—) 

e. Ether groups (—OR) 

f. Primary, secondary, and tertiary amines (NHg, NHR, 
NR,) 

g. Substituted amines (—NHCOR) 

The hydroxyl group has the most powerful influence of the 
ortho-para directing groups. The directing influence of the 
ortho-para groups can be listed in order as: 

OH > NH, > NE, > NHB > Cl > Br > Alkyl > I 

2. If the atom attached to the benzene ring carries a double 
or triple bond, then the entering atom or group will enter mainly 
the position meta to the atom or group already present. Ex¬ 
amples of meta directing groups are: 


0 

a. Nitro group (—N ) 

O 


b. Sulfonic acid group (—S—OH) 

O 

0 

c. The aldehyde group (—C—H) 

0 

d. The carboxyl group (—C—^OH) 

O 

-to- 


e. Ester group (- 


-R) 
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0 

// 

f. Ketone group (—C—R) 

g. Cyanide group (C^N) 


The carboxyl group is the most powerful of the meta-directing 
groups. In case of competition between meta directing and 
ortho-para directing groups, the ortho-para directing group can 
be expected to take precedence over the meta directing group. 

It is essential that the student drill himself until he is thor¬ 
oughly familiar with the groups that are ortho and para direct¬ 
ing, in contrast to those that have a meta directing influence. 

If nitrobenzene is chlorinated, the directing influence of the 
nitro group attached to the ring results in the formation of 
m-nitrochlorobenzene. 


NO, 


\/ 

Nitrobenzene 


Cl, 


NO, 


\^C1 
m-Nitrochlorobenzene 


HCl 


On the other hand, if chlorobenzene is nitrated, a mixture of 
ortho- and para-nitrochlorobenzene is obtained because of the 
ortho and para directing influence of the chlorine atom attached 
to the ring. These reactions illustrate that the nature of the 
group already present is the all-important factor in determining 
the position taken by a second entering group. 


Cl 

■I 

Chlorobenzene 


€1 

/\ 


HNO, 


and 


\/ 

NO, 

p-Nitrochlorobenzene 


Cl 

NO, 

\/ 

o-Nitrochlorobenzene 


The relative amounts of the ortho and para isomers formed de¬ 
pend upon such experimental conditions as temperature, con¬ 
centration of reacting substances, and catalysts. 

Nitration. Benzene and other aromatic hydrocarbons react di¬ 
rectly with concentrated nitric acid to form nitro compounds. 
Under similar conditions, aliphatic compounds undergo oxida- 
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tion. In practice, nitration is carried out by means of a mixture 
of concentrated nitric and sulfuric acids, the sulfuric acid serv¬ 
ing to remove the water foimied in the reaction. 




H,SO, 


Benzene 


H -h HOINO, 


Nitric 

acid 


/\ 




-NO, + H,0 


Nitrobenzene 


The introduction of a second nitro group into the benzene 
molecule requires the use of higher concentrations of nitric acid 
(fuming nitric acid usually is employed) and a higher reaction 
temperature. A m-dinitro compound is the principal reaction 
product. A third group enters with still greater difficulty. Not 
more than three nitro groups can be introduced by direct nitra¬ 
tion. The final product of nitration is 1,3,5-trinitrobenzene. 


NO, 

/i\ 
6 2 


NO3 


NO, 

/\ 


HNO, 


HNO, 


NO, 


15 3 | -I INO,-OjN 

v/ H,SO. \/ H,SO. \/ 

Nitrobenzene m-Dinitrobenzene 1,3,5-Trinitrobenzene 


Nitrobenzene (CeHgNOa), or oil of mirbane, is a pale, yellow 
liquid with an odor resembling that of bitter almonds. It is a 
poisonous compound. Because of its odor, it is used to replace 
oil of bitter almonds in perfumes, such as are used in soaps. 
Its chief use, however, is in the preparation of aniline (see 
page 466). 

Sulfonation. Concentrated sulfuric acid containing dissolved 
sulfur trioxide reacts with the aromatic hydrocarbons to form 
sulfonic acids. The aliphatic saturated hydrocarbons, in general, 
are not affected by the action of sulfuric acid. The first product 
of sulfonation is benzenesulfonic acid. 


/\ 

+ H,SO, 

Benzene 


/\ 


SO, 


^ \/ 
Benzenesulfonic 
acid 


SO,OH + H.0 
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If the reaction is continued, using higher temperature, a di- 
sulfonic acid is formed. 


/\ 


\/ 
Benzenesul f onic 
acid 


SO,OH + H,SO, 


SO,OH 

/\ 


SOjOH 

m-Bcnzenedisulfonic 

acid 


H,0 


The sulfonic acids are strongly acidic in character. The sul¬ 
fur is attached directly to the carbon, instead of being linked 
through an oxygen, as in ethyl hydrogen sulfate (CgHg— 0 — 
SOgOH) ; thus the sulfonic acids are stable compounds and 
can be hydrolyzed only with difficulty. 

Many sulfonic acids are crystalline solids, very soluble in wa¬ 
ter. Their barium and calcium salts are also water soluble, in 
contrast to the insoluble inorganic sulfates. Sulfonic acids and 
their salts are useful in organic syntheses. Because sulfonic 
acid salts are more soluble in water than the original compound 
subjected to sulfonation, many insoluble dyes are made water 
soluble by the introduction of the —SOgll group. 


Homologues of Benzene 

Toluene. —The first higher homologue of benzene is toluene, 
CJI 5 CH 3 . Toluene is obtained from the light oil fractions re¬ 
sulting from the higli-temperature carbonization of coal. It is 
produced also from i)etroleum l)y the aromatization of n-hcptane 
(see page 90). Toluene is a water-clear liquid resembling 
benzene in odor. It can be prepared in the laboratory by the 
reaction of benzene and an alkyl halide in the presence of an¬ 
hydrous aluminum chloride. This is known as Friedel-Crafts 
reaction. This reaction is much used for the preparation of 
higher alkylated benzenes. 


anhydrous 
AlCL 


CA + CH,Br 
Benzene Methyl 
bromide 


■» C,H.CH, + HBr 
Toluene 
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Another laboratory method of preparing toluene is by the 
Fittig synthesis, which utilizes the action of sodium on an aryl 
and an alkyl halide. 

C,H,Br + CH,Br + 2Na C,H,CH, + 2 NaBr 

Bromobenzene Methyl Sodium Toluene Sodium 

bromide bromide 

This reaction is similar to the Wurtz synthesis for the prepara¬ 
tion of aliphatic hydrocarbons (see page 70). 

Chemical Properties of Toluene. —The chemical properties of 
toluene are similar to those of benzene—halogenation, nitra¬ 
tion, and sulfonation being the principal types of reaction. The 
methyl (—Cllg) group of toluene is referred to as a side chain, 
and some of the reactions peculiar to toluene are dependent on 
the presence of this group. 

Oxidation, One of these reactions is oxidation. The action of 
oxidizing agents on toluene produces benzoic acid, CeHgCOOH. 
This type of reaction is general for benzene derivatives contain¬ 
ing carbon side chains. On vigorous oxidation the carbon side 
chain alwa 3 ^s is oxidized to a carboxyl group regardless of the 
length of the carbon chain. 

K,0r,0, 

C,H,CH, -> 0,H,CC)0H 

or KMnC\ 

Toluene Benzoic acid 


Halogenation. The presence of the methyl group in toluene 
affords the possibility of differences in halogenation: a halogen 
atom can substitute for a hydrogen in the ring or for a hydro¬ 
gen in the side chain. 

1. In the presence of sunlight and at the boiling temperature 
of toluene, substitution takes place in the side chain. 


/\CH, 

+ Cl, 

\/ 

Toluene 


sunlight 

-^ 

A 


/\ CH,C1 

\/ 


Benzyl chloride 


+ 


HCl 
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2. In the presence of certain catalysts (such as iron) halogena- 
tion takes place in the ring, as would be the case if the 
methyl group were not present. 


/\ 

+ Cl, 

\/ 

Toluene 


Fe 


CH, 

/\ 


V 

p-C-hlorotoluene 


HCl 


A simple mnemonic device tliat may be helpful to the student 
in distinguishing between the two types of halogenation products 
under the different conditions is: 


S unlight /^atalyst 

ide chain V^yclic substitution 


Sulfonation. The sulfonation of toluene is similar to the 
.sulfonation of benzene, the difference being that the presence 
of the methyl group directs the entering sulfonic acid group to 
the ortho and para positions. 


CH« 

/\ 


\/ 

Toluene 


+ 2H,SO, 


SO, 


CH, 


SO,H 


X/ 

o-Toluene sul¬ 
fonic acid 


CH, 

/\ 


+ 


+ 2H,0 



P'Toluene sul¬ 
fonic acid 


Toluene sulfonic acids are used in the preparation of dyes and 
other compounds. 

Nitration, The nitration of toluene is presented because of 
the importance of the trinitrated product. 


/\ 

\/ 

Toluene 


3HNO, 


0,N- 


CH, 
16 2 ‘ 


NO, 


+ 3H,0 


V 

NO, 

2,4,6-Trinitrotoluene 
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In naming the derivatives of benzene, it often is found con¬ 
venient to number the carbon atoms in the cycle from one to six. 
Trinitrotoluene then can be termed 2,4,6-trinitrotoluene. 

The first letters of the three parts of the chemical name form 
the familiar abbreviation T.N.T. Trinitrotoluene is valued as 
a military explosive because of its relative stability in comparison 
with other explosives. It requires a detonator, such as fulminate 



Fig. 59.—A sectional view of the new toluene plant at the refinery of the 
Shell Oil Company, Houston, Texas. Plants like this one, which used petro¬ 
leum as a source of toluene, afforded ample supplies of toluene to meet the 
urgent demands for the manufacture of T.N.T. during World War II. Be¬ 
fore the development of this process, the supply of toluene was dependent 
solely on the amount obtained from coal tar. (Courtesy of the Shell Oil 
Company.) 


of mercury, to set off the explosion. Trinitrotoluene is a solid, 
but it can be melted and poured into shells without danger of 
explosion during handling. Its melting point is 81 ° C. 

In addition to the large quantities of toluene used in the 
preparation of explosives, toluene is used for the preparation of 
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benzoic acid, benzaldehyde, and dyestuff intermediates. Toluene 
is a good solvent for resins and lacquers, and before the increased 
demand of the explosive industry, it was being added to motor 
fuel to increase its octane rating. During World War I the price 
of toluene skyrocketed to several dollars a gallon as a result of 
the inability of the coking industry to supply the demand. This 
state of affairs is not likely to occur again, since processes for 
the manufacture of toluene from petroleum have been per¬ 
fected. In fact, the supply of toluene available from coke oven 
and petroleum sources is far in excess of all industrial require¬ 
ments. 

Xylene. —The second higher homologue of benzene contains 
two methyl groups, and is known as xylene. As is true for all 
disubstitution products of benzene, there are three isomers: 
ortho, para, and meta xylenes. 


CH, CH, CH, 


0 -Xylene 


m-Xylene 




OH. 

p-Xylene 


Xylenes are obtained from the light oil fraction of coal tar. 
Their chemical properties do not differ much from those of 
toluene. They are employed as solvents for resins and lacquers, 
and also are used in the preparation of compounds for the 
synthesis of dyes. 

Diphenyl 

Diphenyl, or biphenyl, is a compound made by passing ben¬ 
zene vapors over a heated catalyst. One hydrogen atom is lost 
from each benzene molecule when diphenyl is formed. 


<z>-o 

Diphenyl 


Diphenyl reacts like benzene in many instances. It can be 
chlorinated, nitrated, and sulfonated. However, the student 
should note that it is not a homologue of benzene. It contains 
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two benzene rings linked by a single bond. The name of the 
compound is derived from the fact that the benzene ring minus 
one hydrogen atom, C^Hg, is known as the phenyl radical, hence 
diphenyl. The phenyl radical bears the same relationship to 
benzene as the methyl radical bears to methane. The chief use 
of diphenyl is as a heat transfer agent. Since it is a relatively 
stable compound with a high boiling point, boilers in which it 
is used can operate at high temperatures and at relatively low 
pressures. 

Naphthalene 

Another aromatic compound containing two benzene rings is 
naphthalene. In this case, however, the rings are attached to 
each other at the points of two carbon atoms. Naphthalene is 
the simplest aromatic hydrocarbon with condensed or ^^fused^’ 
benzene rings, two carbons being common to each benzene ring. 



Naphthalene 


Naphthalene is obtained from the middle oil fraction of the 
coking process. It distills at about 217° C. About 30 pounds of 
naphthalene are obtained from the distillation of one ton of 
coal. Larger amounts of naphthalene than of any other single 
hydrocarbon are obtained from the coking process. 

Crude naphthalene is a light gray to tan colored, granular 
solid that has a tarlike odor, caused by traces of impurities of 
tar oils that distill in the same range as does the naphthalene. It 
is used in the manufacture of phthalic anhydride (see page 463), 
in the dyestuff industry, and in making synthetic resins for 
plastics. It is used also in the manufacture of dry dips for stock 
and cattle bedding, and in various powdered insecticides. 

Naphthalene is purified by sublimation (a process of passing 
from the solid to the gaseous state without going through the 
liquid stage). Purified naphthalene is a white solid familiar 
to everyone in the form of ''moth balls.*’ A number of forms of 
purified naphthalene are marketed in order to suit the particu- 
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lar needs of the consumers; for example, there are crushed, flake, 
and ball forms of naphthalene. Chemically, these products are 
identical; they differ only in the mechanical treatment of the 
original material. The largest consumer of refined naphthalene 
is the chemical industry. The compound can be sulfonated, chlo¬ 
rinated, halogenated, and oxidized. The derivatives are impor¬ 
tant chemicals in the dye industry, and are important also as 
organic solvents and as insecticides. Large quantities of naph¬ 
thalene are used in the destruction of clothes moths. As is com¬ 
monly known, naphthalene sublimes even at ordinary tempera¬ 
tures. It is one of the oldest, least expensive, and most effective 
materials for controlling moths. One pound should be used for 
each 50 to 100 cubic feet of tightly closed space. 

In naming the derivatives of naphthalene, the substituted 
groups are given a number according to their position on the 
rings. There are eight replaceable hydrogen atoms in the naph¬ 
thalene molecule. 

7 I 2 

6 11 3 

The molecule is symmetrical in its structure, so that positions 
1,4,5, and 8 are identiieal (a), as are positions 2,3,6, and 7 (13), 
Thus, in reality, there are two possible monosubstitution prod¬ 
ucts of naphthalene; they are known as the alpha and beta forms. 


/2\/a\ 




Cl 


\/\/ 


/\/\ 


a-Chloronaphthalene ^-Chloronaphthalene 



Naphthalene undergoes the reactions typical of aromatic hy¬ 
drocarbons—direct halogenation and nitration to yield chiefly 
the alpha derivatives. In the formation of naphthalenesulfonic 
acids, at about 80° C., the main product is a-sulfonic acid; at 
160° C. or higher, the )8-sulfonic acid predominates. 

The naphthalenesulfonic acids are used widely, owing to the 
•aae writh which the sulfonic group can be replaced by such 
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groups as the hydroxyl or the amino. In fact, in the aromatic 
series the sulfonic acids are as useful in organic syntheses as the 
aliphatic halides are among aliphatic compounds. 


/\/\ 

\A/ 

Naphthalene 



SO,H 

/x/x 

+ H,0 

\/\/ 

a-Naphthalenesulfonic acid 


/\XXsO,H 

+ H,0 

\A/ 

jS-Naphthalenesulfonic acid 


Anthracene 

Anthracene is present in the coal tar fraction that boils above 
270^ C. It is more difficult to isolate and to purify than are 
the other coal tar crudes. It forms colorless plates that exhibit 
a blue fluorescence. The anthracene nucleus is numbered in the 
same manner as naphthalene to facilitat%the naming of deriva¬ 
tives. 

I I ‘ 

XXx;/ 

Anthracene 


An outstanding characteristic of athracene is the reactivity 
of the two carbon atoms in the middle ring. When anthracene 
is oxidized with chromic acid and sulfuric acid, anthraquinone 
is obtained. 

Nitric acid, when it reacts with anthracene, does not give rise 
to nitro derivatives, as has been the case in the other aromatic 
hydrocarbons discussed thus far; instead, anthraquinone is 
formed. This indicates that the two central carbon atoms (9 and 
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10) of anthracene differ somewhat from the carbons in the two 
outside rings. Anthracene and anthraquinone are important 
products in the manufacture of dyes and dye intermediates. 

O 

II 

\AcAV 

o 

Anthraquinone 

Phenanthrene 

Another hydrocarbon that contains a condensed nucleus and 
occurs in coal tar is phenanthrene. Some of its derivatives are 
physiologically important compounds, since the phenanthrene 
nucleus is found in the sex hormones, bile acids, sterols, and in 
a number of carcinogenic compounds (compounds that produce 
cancerous growths). 



Phenanthrene Anthracene 

The union of the rings in phenanthrene is said to be angular, 
in contrast to the straight-line configuration of anthracene. 

Study Questions 

1. How do aromatic compounds differ in structure from aliphatic com* 
pounds? 

2. What is the name and structural formula for the simplest aromatic 
hydrocarbon? Give the chemical evidence for such a structure. 

3. What are the names and formulas for the three possible disubstitution 
products of benzene, using X to represent a substituted group? 

4. Make an outline of the products obtained by the distillation of coal. 

5. What are three or four uses of benzene? 
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6 . What iB an aryl halide f How do aryl halides differ from alkyl halides f 

7. Write the structural formula for p*dichlorobenzene. What is a use 

t of this product? 

8. State the rules for substitution in the benzene ring and give examples 
illustrating the operation of these rules. 

9. Write an equation to illustrate the progressive nitration of benzene, 
naming all the compounds involved. 

10. How do sulfonic acids differ from sulfate compounds? Write formulas 
of typical examples to illustrate your answer. 

11. What is the catalyst in the Friedel-Crafts reaction, and what type of 
compounds can be prepared by this reaction? 

12. What is the name of the first higher homologue of benzene, and from 
what source is this compound obtained? 

13. What compound results upon the oxidation of benzene derivatives con¬ 
taining carbon side chains? 

14. Toluene on halogenation gives what two types of derivatives? What 
conditions determine which type of derivative is formed in a given 
reaction ? 

15. What nitrated product of toluene is a valuable explosive? 

16. What is the name of the second higher homologue of benzene? For 
what is this product used? 

17. Why is diphenyl not considered as a homologue of benzene? What is 
the structural formula of this compound? 

18. How do diphenyl and naphthalene differ in structure? Wliat is the 
commercial source of naphthalene? List several uses of this product. 

19. Write the formula for a hypothetical compound, l-bromo-S-methyl- 
5-propyl benzene. 

20. What is the product obtained upon the oxidation of anthracene? 

21. How does the nucleus in phenanthrene differ from the anthracene nu¬ 

cleus ? 
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CHAPTER XVII 


OXYGEN DERIVATIVES OF THE AROMATIC 
HYDROCARBONS 

Introduction. —Aromatic compounds have oxygen derivatives 
corresponding to the aliphatic oxygen compounds. Thus, there 
are aromatic alcohols, aldehydes, ketones, and acids. When the 
functional group of these derivatives is present in the side chain 
attached to the benzene ring, the compound behaves very much 
as does the corresponding aliphatic compound. This compari¬ 
son also holds for other substitution groups present in side 
chains. For example, the chlorine atom in benzyl chloride, 
CeHgCHjCl, reacts in a manner similar to that of the chlorine 
atom in the halide, CH 3 CH 2 CI. 

Aromatic Alcohols 

Benzyl Alcohol, O.H.CH^OH. —The simplest aromatic alco¬ 
hol, benzyl alcohol, occurs free in Peru and Tolu balsams, and 
as an ester in jashiine, hyacinth, and other essential oils. Benzyl 
alcohol can be prepared by boiling benzyl chloride with a solu¬ 
tion of potassium carbonate. 

K,CO. 

CACH,Cl + HOH-> C.H,OH,OH + HOI 

Benzyl chloride Benzyl alcohol 

Another means of preparing this aromatic alcohol is by the 
action of strong alkali on benzaldehyde. This is the Cannizzaro 
reaction, in which there is a simultaneous oxidation and reduc¬ 
tion. One molecule of benzaldehyde is oxidized to benzoic acid, 
and the other is reduced to benzyl alcohol. This type of reaction 
is characteristic also of formaldehyde. 

+ NaOH CeH.COONa + CACH,OH 

Benzaldehyde Sodium Benzyl 

benzoate alcohol 

Benzyl alcohol is a liquid that is useful in perfumery due to 
its pleasant odor. The chemical properties of benzyl alcohol 
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are similar to those of the aliphatic alcohols. For example, on 
oxidation the aldehyde first is formed; further oxidation yields 
the acid. 

Oxidation Oxidation 

C.H.CH 3 OH-> C.H^CHO-> C„H,COOH 

Benzyl alcohol Benzaldehyde Benzoic acid 


Phenylethyl Alcohol, C^HsCH^CH^OH. — The next higher 
homologue of benzyl alcohol is phenylethyl alcohol. It occurs 
in attar of roses, and is used in making perfumes. It can be 
prepared by the reaction between phenyl magnesium chloride 
and ethylene oxide. 


CjHgMgCl + 


Phenyl 

magnesium 

chloride 


\ / 


O 


Ethylene 

oxide 


C.H,CH,CH,OMgCl 


HOH 


C,H.CH,CH,OH + Mg(OH)Cl 


Phenylethyl 

alcohol 


Basic 

magnesium 

chloride 


Monohydric Phenols 

The aromatic oxygen derivatives in which the hydroxyl group 
is attached directly to the benzene ring are termed 'phenols. The 
properties of the phenols differ greatly from those of the ali¬ 
phatic alcohols. The hydroxyl group in phenols is much more 
acidic than the hydroxyl group in aliphatic alcohols. The phe¬ 
nols dissolve in dilute sodium hydroxide, whereas the aliphatic 
alcohols are no more soluble in alkaline solutions than they are 
in water. 

Phenol, OeHgOH. —^Phenol, or hydroxybenzene, is obtained 
from the light oil fraction of coal tar. An industrial method 
for the preparation of phenol is by the fusion of the sodium 
salt of benzene sulfonic acid with alkali. 


Benzenesulfonic 

acid 


+ NaOH 


S^ONa 


+ H,0 


Sodium benzene 
sulfonate 
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/\.S^ONa 

fuse 

+ 2 NaOH-> 


/\ 


Sodium benzene 
sulfonate 


350® C. 


ONa 


\/ 

Sodium 

phenolate 


+ Na,SO, + H,0 


/\ 


ONa 




acid 


Sodium phenolate 


OH 


or CO 3 + H,0 \/' 

Phenol 


Phenol is made also by heating chlorobenzene at 350*^ C. 
(using 3,000 pounds pressure) with sodium hydroxide and a 
copper catalyst. The necessity for these extreme conditions 
illustrates the nonreactivity of the aryl halides. 


350° C., 3,000 lbs. pressure 

C«H,C1 + 2 NaOH-> CeHgONa NaCl + H^O 

Chlorobenzene Cu catalyst Sodium 

phenolate 


The sodium phenolate is acidified to liberate phenol. 

A recent method for the production of a very pure grade of 
phenol depends on a catalytic vapor phase reaction for the 
chlorination of benzene and the hydrolysis of the resulting chlo¬ 
robenzene. In this process the conversion of benzene to phenol 
is carried out in two stages. In the first stage, benzene is chlorin¬ 
ated by means of hydrochloric acid and air in the presence of 
a catalyst. The reaction is exothermic (liberates heat) and 
proceeds at about 230° C. 

230® C. 

2C,H, + 2HC1 + O,-^ 2CeH,Cl + 2 H,0 

catalyst 

The second step proceeds at 425° C. and also is carried out in 
the presence of a catalyst. 

425' C. 

C.H.a + H,0 -> C,H,OH + HCl 

catalyst 

The advantage of this method is that only one-tenth pound of 
by-products is formed per pound of phenol produced. Other 
processes previously employed are reported to yield from 2 to 3 
pounds of by-products per pound of phenol. Another advantage 
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of this method is that the catalyst in the first stage of the re¬ 
action is selective for benzene. Toluene and unsaturated com¬ 
pounds are not chlorinated, but are oxidized to carbon dioxide 
and water. 

Physical Properties. —Pure phenol is a white solid, melting 
at 41° C. On exposure to air and light it develops a red color. 
The presence of a small amount of water causes phenol to liquefy. 
The liquid form more often is termed carbolic acid than phenol. 
Carbolic acid is a poison when it is taken internally, and, if it 
comes in contact with the skin, its corrosive properties cause 
blisters. The solubility of phenol in water depends on the tem¬ 
perature of the water. At room temperature it is soluble only to 
the extent of about 8 per cent, but above 68° C. (154° P.) it 
is soluble in all proportions. Also, it is soluble in alcohol and 
ether. This is a fact to be remembered; for if phenol is spilled 
on the skin, it should be washed off, not with water, but rather 
with an organic solvent, such as rubbing alcohol. 

Chemical Properties. —Phenol is more acidic than are the 
aliphatic alcohols. This is shown by the fact that it dissolves in 
dilute solutions of sodium hydroxide, potassium hydroxide, and 
ammonium hydroxide. 

C,H.OH + NaOH C.H,ONa + H,0 

Phenol Sodium 

phenolate 

After the substitution of one of the hydrogen atoms of ben¬ 
zene with an hydroxyl group, further substitution is easier. This 
reactivity is illustrated by the fact that when bromine water is 
added to a solution of phenol, a white precipitate is formed a1 
once. Upon treatment of this unstable compound, tribromo- 
phenolbromide (Br 4 CflH 20 ), with sodium bisulfite solution, pale 
yellow crystals of 2,4,6-tribromophenol are formed. The forma¬ 
tion of this compound, M.P., 96° C., is used to prove the pres¬ 
ence of phenol in an unknown sample. 


OH 



3Br, 


Phenol 


OH 


+ 3HBr 


\/ 

Br 

2,4,6-Tribromophenol 
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One of the lialogenated phenols, pentachlorophenol, is sold 
under the trade name, ''Santophen 20.’’ Pentachlorophenol 
is used to protect wood against degrading agents, such as 
termites and decay. It has been found to be useful in pre¬ 
serving fence posts from decay; hence less durable woods may 
be used for this purj^ose. This preservative is free of ob¬ 
jectionable color and odor, and can be applied to wood 
without a]tei*ing materially the characteristic appearance, 
and without affecting subsequent finishing with paints and 
other coverings. In these respects, it is superior to creosote, a 
preservative used for treating railroad ties, pilings, and other 
wooden structures where the appearance of the wood is not an 
essential factor. The sodium salt, sodium pentachlorophenolate, 
is claimed to be useful for the preservation of fiber board and 
cellulosic insulating materials. 

Phenol gives a violet color when a few drops of a 5 per cent 
solution of ferric chloride are added to a few cubic centimeters 
of it. The color is due to the formation of a negative ion 
(anion), 

FeCl, + Fe(OCeH.),— + 3 HCl + 3 

Ferric Phenol Colored ion 

chloride 

Other compounds containing a phenolic hydroxide group give 
blue, green, violet, and red colors with ferric chloride. The 
color formed by phenol and ferric chloride, although it is not 
specific, is useful in testing for the presence of a phenolic group. 

Reduction, Phenol is reduced to the corresponding hydro¬ 
carbon when it is distilled at high temperature with zinc dust. 

A 

C.H,OH + Zn C,H. + ZnO 
Phenol Benzene 

Formation of Ethers, Sodium phenolate reacts with alkyl 
halides to give mixed aromatic-aliphatic ethers. The ether 
formed with methyl iodide is known as anisole. It is a solid 
with a pleasant odor, and is used in the manufacture of per¬ 
fumes. 

CgH.ONa + ICJ^ C«H,OCH, + Nal 

Phenol Methyl iodide Methylphenyl ether 

(anisole) 
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A similar reaction, the Williamson synthesis, is used for the 
preparation of mixed aliphatic ethers. Phenylethyl ether, pre¬ 
pared from sodium phenolate and ethyl iodide, is known as 
phenetoL It is used in perfumery. 

Diphenyl ether, the simplest wholly aromatic ether, is pre¬ 
pared by heating phenol in the presence of zinc chloride. It 
also is obtained in the manufacture of phenol from chloro¬ 
benzene. Diphenyl ether is a solid at ordinary temperatures. 
It is used in soaps because of its agreeable geranium-like odor 
and its stability toward alkali. 

ZnCl, 

2 C.H„OH-> C,H,—+ H,0 

A 

Phenol Diphenyl ether 

Diphenyl ether is unaffected by hydriodic acid, which reacts with 
most ethers to give alkyl or aryl iodides. Due to its inertnovss 
toward chemical reagents, and its stability at high temperatures, 
diphenyl ether is used industrially as a liquid for heat transfer. 
It is distributed by the Dow Chemical Company under the trade 
name Dowtherm, 

Reaction With Nitric Acid, Reference already has been made 
to the fact that the substitution of one of the hydrogens of ben¬ 
zene by an hydroxyl group causes the other hydrogens to be 
replaced more easily by other groups. In order to nitrate ben¬ 
zene, it is necessary to reflux it with concentrated nitric acid 
in the presence of some .sulfuric acid. If one of the hydrogens 
of benzene is replaced by an hydroxyl to form phenol, nitration 
takes place with dilute nitric acid at ordinary temperature to 
yield a mixture of ortho- and para-nitrophenol. If phenol is 
heated to 100® C. with nitric acid, 2,4,6-trinitrophenol is formed. 
This compound is known commonly as picric acid. 


OH 


100® C. 

C,H.OH + 3HNO,-> 

\/ 

NO, 

Picric acid 


+ 3H,0 


Phenol Nitric acid 
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Picric acid dyes wool and silk a bright yellow. Formerly, it was 
widely used, but now it is employed only in conjunction with 
other dyes to give particular shades. Picric acid is explosive 
if it is detonated. Since the ammonium salt is more sensitive to 
detonation, it is the form usually employed in explosives. Picric 
acid is effective in the treatment of burns, both in the form of a 
saturated aqueous solution and in a combined form in salves. 
Butesin picrate, a salve effective as a treatment for burns, is 
a combination of butesin, a local anesthetic, and picric acid. 
The local anesthetic relieves the pain of the burn, and picric 
acid precipitates the protein decomposition products and pre¬ 
vents their being absorbed by the body. 



Fig*. 60.—Llthcote, a special lacquer with a base of phenolic-formaldehyde 
resin, is used to line the interiors of this fleet of wine tanks. The surface Is 
smooth, glasslike, nonporous, durable, and will not chip nor crack from the 
foundation metal. About 876,000 gallons of wine can be transported In 
this fleet of 47 wine tanks cars. (Courtesy of the Bakelite Corporation.) 


Picric acid forms an insoluble salt with the alkaloids. It 
often is used in their identification. Another use is as a protein 
precipitant in separating proteins from solutions. A method 
for the determination of glucose in blood is dependent on the 
color formed with picric acid. 

Reaction with Formaldehyde, Phenolic Resins, and Plastics, 
When phenol is heated with formaldehyde either in the presence 
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of a base such as ammonia, or an acid such as sulfuric, the first 
products formed are hydroxy benzyl alcohols. 


OH 


OH 


OH 


2 

HCHO 


CHjOH 



I • 


and 



\/ 




benzyl 


ydroxy 
1 alcohol 


OH 

p-Hydroxy 
benzyl alcoiiol 


Upon further lieating, these alcohols condense with the elimina¬ 
tion of water to form long chain molecules or linear polymers, 
a portion of which can be represented as having the following 
probable structure: 


/\ 


HOi 


i-CH,- 




V 


V 


CH,- 

OH 


OH 


V 


V 


OH 


Depending on the original phenol-formaldehyde ratio or upon 
the further action of additional formaldehyde, reactive CHgOH 
groups may be present in the positions marked with an asterisk. 

If the various conditions such as temperature, time, and 
amount of formaldehyde are controlled so that relatively low 
molecular weight products result, 'phenolic resins are formed 
that can be used for quick-drying enamels and varnishes. These 
phenolic-formaldehyde resins can be dissolved in solvents to 
form lacquers. Such resinoid coatings can he baked on produ6ts 
to form a hard, tough surface that is resistant to water, perspira¬ 
tion, some chemical solvents, and which, at the same time pro¬ 
vides electrical insulation. Such objects as door handles, belt 
buckles, vanity cases, textile spinning spools, armatures, and 
even such large surfaces as the interiors of tank cars and large 
food processing equipment can be coated with this glossy ma¬ 
terial. Pig. 60 shows a fleet of 8,000 gallon capacity wine tanks 
that have lacquer-coated interiors. 
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Phenolic plastics are formed by the same general type of 
reaction as the phenolic resins, except that the reaction is car¬ 
ried further and the resulting compounds are of a more complex 
nature with a higher molecular weight. Upon the addition of 
more formaldehyde with the proper catalyst, further poly¬ 
merization occurs and the formaldehyde combines with the 
resin at the asterisk points in the formula on page 436 to form 
three-dimensional stable structures. This three-dimensional 
structure of the* pol>uner is a characteristic of all iherTYwsetting 
plastics; that is, these products become hard and firm upon ap¬ 
plication of heat. Once the three-dimensional structure has 
been formed, the thermosetting type of plastic does not soften 
appreciably on the application of subsequent heat and pressure. 
Such polymers are valuable plastics since they are stable in 
form, have high impact strength, are noninflammable, are re¬ 
sistant to high temperature, and are unreactive toward most or¬ 
ganic reagents. 

The commercial development of phenolics was due to the ex¬ 
periments and enterprise of Baekeland. In 1907 he noted the 
reaction between phenols and aldehydes; upon the addition of a 
catalyst and furlJier heat treatment, the resin became hard 
and could be molded by applying heat and pressure. He 
realized the commercial possibilities of the product and patented 
the product, which he called Bakelite. Until his patent expired 
in 1926, the Bakelite Company was the sole producer of this 
type of plastic. Since then other companies have put similar 
products on the market under their own trade names, such 
as Durite, Resinox, and Texolite. 

In general, the phenolic plastics are of two fundamental 
types—those made by the ‘‘one-stage’^ process and those made 
by the *Hwo-stage’^ process. The one-stage process is used for 
ccbst phenolics. As the name implies, all the reactants are heated 
together with a basic catalyst (such as barium hydroxide or 
caustic soda), are poured into a hot mold, and are further 
heated until they are hardened or cured. Cast phenolics are 
available in all colors, both opaque and transparent. They are 
used for such articles as jewelry, novelties, instrument dials, and 
interior lighting fixtures. 
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The two-stage process is used for molded phenolics. An acid 
catalyst is employed in the first step of the reaction which yields 
a thermoplastic resin. This product is cooled and crushed to 
form the basic molding powder for the second step of the re¬ 
action. In this part of the process more formaldehyde is added 
with a basic catatyst, along with other ingredients like fillers, 
pigments and dyes, and mold lubricants. The ingredients are 
heated in a mold under pressure to form the thermosetting 
type of plastic. Molded phenolics, unlike the cast products, are 
available only in the dark colors. In order to obtain even a 
medium shade, opaque white pigments have to be added to the 
plastic. These colored phenolics show a lack of stability toward 
light. 



Figr* 61.—Henry Ford’s first all plastic automobile body made from 
molded panels of phenolic-formaldehyde resins with a cellulose filler. The 
plastic panels in this body design have an impact strength ten times that of 
steel. (Courtesy of Ford Motor Company.) 


Uses of Phenol. —^Large quantities of phenol are employed 
in the manufacture of dyes, drugs (such as aspirin), photo¬ 
graphic developers, and plastics. A 3 per cent solution of 
phenol is an effective disinfectant for inanimate objects, such 
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as surgeons’ instruments, containers, and the like. Phenol is 
not a satisfactory disinfectant for substances containing high 
percentages of protein material. For example, it reacts to 
form a hard coagulated mass around pathogenic organisms; 
there is the possibility, therefore, that the organisms are not de¬ 
stroyed by the a<‘tion of phenol, but are, instead, only tempo¬ 
rarily inactivated. 

Phenol is used in the refining of lubricating oils since the 
undesirable aromatic and naphthenic compounds are selectively 
dissolved, leaving the paraffinic components, which have better 
lul)ricating pro])ertics. 


Dihydroxyphenols 

The ortho-, ineta-, and para-dihydroxyphenols have specific 
names. 


OH 

./^OH 

\/ 

Pyrocatechol 


OH 

/\ 

\^OH 

Resorcinol 


OH 



Hydroquinol 


Pyrocatechol. —Pyrocatechol (or catechol) is the ortho-dihy- 
droxybenzene. It was obtained first by heating catechu (a 
resin obtained from the acacia tree), from which it derives its 
name. It occurs also in raw beet sugar. Pyrocatechol is pre¬ 
pared commercially by the fusion of o-chlorophenol with sodium 
hydroxide. 


OH 

/\.C1 


+ NaOH 


\/ 

o-Chlorophenol 


OH 

/\,OH 


Pyrocatechol 


+ NaCl 


This reaction is an illustration of the effect the hydroxy group 
has on other substituents in the ring. The chlorine atom in 
chlorobenzene cannot be repla.eed by NaOH except tinder con¬ 
ditions of high temperature and pressure. 
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Pyrocatechol is much more reactive than benzene. It reduces 
cold ammoniacal silver solutions and Pehling's solution at the 
boiling temperature. Due to tlie ability of this dihydroxyphenol 
to reduce silver compounds, it is used as a photographic de¬ 
veloper. Pyrocatechol also is employed in the manufacture of 
adrenaline and vanillin. 

The monomethyl ether of pyrocatechol is obtained as a distilla¬ 
tion product of gum guaiaeum. 

OCH. 

OH 

Guaiacol 

Guaiacol is used in medicine for the symptomatic treatment of 
certain inflammations of the resjuratory passages. With ferric 
chloride, guaiacol gives a blue color. Guaiacol in the form of 
gum guaiaeum sometimes is added to lard to retard the onset of 
rancidity (see page 273). 

Resorcinol, m-Dihydroxybenzene. —A frequently used meth¬ 
od of preparing resorcinol is by the alkali fusion of m-ben- 
zenedisulfonic acid. 

SO,H 

/X NaOH 
A 

\/SO.H 

m-Benzenedifiulf onic 
acid 

Resorcinol is a solid that is soluble in water, alcohol, and ether. 
It acts as a reducing agent in alkaline solutions, but it is not as 
powerful a reducing agent as pyrocatechol. Metallic silver is 
formed from ammoniacal silver solutions only on warming. The 
principal use of resorcinol is in the preparation of dyes. If 
alcohol, sulfuric acid, and a solution of resorcinol are added to 
a sugar solution containing a ketose, an intense red color de¬ 
velops. This is known as Seliwanoff's test for the presence of 
ketoses, especially fructose. 
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Investigations of the alkyl derivatives of resorcinol showed 
that the six-carbon derivative had the greatest antiseptic power. 


/\ 


CH,—CH,—CH~CH—CH,—CH, 


Hexylresorcinol 


Hexylresorcinol (Caprokol) is used as an antiseptic. It has been 
found effective in ridding the intestinal tract of worms. Hexyl¬ 
resorcinol has about 50 times the antiseptic power of phenol. 
A homologue of resorcinol is orcinol. 


OH 


H,C 


Orcinol 


OH 


This compound is related in structure to the dyes in litmus 
paper. The reaction of xylose and arabinose in acid solution 
with orcinol gives characteristic colors. This is BiaFs test for 
the identification of these sugars. 

Hydroquinol. —Ilydroquinol sometimes is known as quinol, 
hydroquinone, or p-dihydroxybenzene. This dihydroxybenzene 
is found in the natural giucoside, arhutin^ which is present in 
the bark and roots of pear trees. Hydroquinol is prepared by 
the oxidation of aniline with sodium dichromate and sulfuric 
acid. The benzoquinone formed is then reduced with sulfur 
dioxide. 


0 

NH, II 


/\ 


Na,Cr,OT 



\/ 


\/ 

II 


0 

Aniline Benzoquinone 




OH 

/\ 



Hydroquinol 


Hydroquinol is a powerful reducing agent; silver salts are re¬ 
duced at ordinary temperatures. It is used widely in photo¬ 
graphic developers. 
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Trihydroxyphenols 

Pyrogallol. —Pyrogallo], or 1,2,3-trihydroxybenzene, is ob¬ 
tained by heating gallic acid, secured from the tannins that 
occur in Chinese nutgalls. 


COOH 

/\. 


HO 


/\ 


OH 


\/ 

OH 

Gallic acid 


HO 


on 


+ CO, 


\/ 

OH 
Pyrogallol 


Pyrogallol is a solid that melts at 134° C.; it is soluble in water, 
alcohol, and ether. It reduces solutions of silver. A character¬ 
istic property of pyrogallol is the rapidity with which its al¬ 
kaline solution absorbs oxygen. Pyrogallol often is utilized in 
the quantitative absorption of oxygen from a gaseous mixture. 


Fhloroglucinol. —Phloroglucinol, or 1,3,5-trihydroxybenzene, 
is a constituent of the glucoside phlorhizin. This glucoside 
is found in the bark, and particularly the root bark, of apple, 
pear, cherry, and plum trees. Phloroglucinol has a sweet taste. 
Only one solid form of phloroglucinol is known, but reactions 
indicate that there are two forms. With acetyl chloride, a 
triacetyl derivative is formed. 


OH 


HO 


O 

// 

+ 3 CH 3 C—Cl 


\/ 


OH 


Phloroglucinol Acetyl 
chloride 


O 

// 

O—C—CH, 
/\ 

o 


0=C—0 


+ 3 HCl 


diH, 


\/ 


O—C—CH, 


Triacyl derivative of 
phloroglucinol 


This indicates the presence of three hydroxyl groups. On the 
other hand, with hydroxylamine, a reagent used in testing for 
the carbonyl group in aldehydes and ketones, phloroglucinol 
forms a trioxime. Accordingly, we can assume that phloroglu¬ 
cinol exists in two forms that are interconvertible. This is an- 
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OH 


ho! 


V 


OH 


Phloroglucinol 
Enol form 




O 

II 

/\ 


o 


=0 


V’ 

Phloroglucinol 
Keto form 


other example of tautomerism, such as was encountered in con¬ 
nection with acetoacetic ester. The equilibrium between the two 
forms is illustrated above. 

Phloroglucinol, in common with practically all the poly- 
hydroxyphenols, is easily oxidized. Upon this property de¬ 
pends its use as a component of some photographic developers. 
Phloroglucinol is employed in testing for the presence of 
pentoses. Arabinose and xylose in acid solution yield a red 
color with phloroglucinol. On heating, a i)urplish to black 
precipitate is produced. One method for the quantitative de¬ 
termination of pentosans is based on the formation of an insolu¬ 
ble phloroglucide with furfural. Pentosans, when heated with 
12 per cent hydrochloric acid, yield furfural. This furfural is 
precipitated with phloroglucinol, and the precipitate is weighed. 


Naphthols 

The monohydroxy derivatives of naphthalene are known as 
naphthols. There are two isomeric naphthols; they differ in 
the position of the hydroxyl grouj). 


OH 


r^,/\oH 



\/\/ 


/3-Naphthol 


The naphthols can be prepared from the corresponding sulfonic 
acid derivatives in a manner similar to the preparation of phe¬ 
nol. a-Naphthol is almost insoluble in water, but it is soluble 
in organic solvents. A test (Molisch) for the presence of carbo¬ 
hydrate in protein material involves the use of a-naphthol. A 
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small amount of a 10 per cent solution of a-naphthol in alcohol is 
added to a protein solution, and concentrated sulfuric acid is run 
carefully down the side of a test tube so as to form a layer be¬ 
neath the lighter aqueous solution. If carbohydrates are present, 
a reddish-purple ring forms at the zone of contact between the 
acid and the protein solution. 

a-Naphthylthiourea (ANTU), developed during World War 
II, although not toxic to man, is a potent poison for rats. It is 
estimated that one pound will kill 300,000 rats. 



a-Naphthylthiourea (ANTU) 

Another derivative of a-naphthol that is of eommercial im¬ 
portance is methyl a-naphthyl acetate. Sprouting of potato 
tubers stored at 54.5° F. w^as inhibited by this chemical when it 
was used on shredded paper in the ratio of 100 mg. to 1 kg. of 
tubers. 



Methyl a-naphthyl acetate 

)0-Naphthol, which is more soluble than a-naphthol in water, 
is used in the preparation of a large number of dyes. 

It is estimated that about one-third of all the ^-naphthol 
produced is consumed in the synthesis of )8-phenylnaphthyl 
amine. This compound probably is the most widely used anti¬ 
oxidant for both natural and synthetic rubber. 

Alkylated Phenols 

Cresols. —The cresols can be considered as hydroxy deriva¬ 
tives of toluene or as methyl derivatives of phenol. They are ob- 
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tained from coal tar. As is true for any disubstitution product 
of benzene, there are three cresol isomers—ortho, para, and meta. 
A mixture of the three isomers is known as ‘'cresylic acid/’ 
One use of this product is in the solvent extraction of lubricating 
oils. 


OH 

OH 

OH 

./\|CH, 

/\ ■ 

/X 

X/ 

X^CH, 

X/ 



CH, 

o-Cresol 

m-Cresol 

p-Cresol 


The crude mixture of cresols separated from coal tar is known 
as creosote oil, and is employed as a wood preservative for rail¬ 
road ties, telephone poles, bridge trestles, mine timbers, wharves, 
and other waterfront structures. It acts as a waterproofing 
agent, and is toxic to wood-rotting fungi and termites. In moist, 
warm, tropical climates, termites are a menace to all wooden 
structures. Treatment with creosote is the means most often 
used to protect wood from these pests. 

The cresols are stronger disinfectants than are the phenols, 
and they are less toxic to man. They are only slightly soluble 
in water, but the addition of soap renders them water soluble. 
‘^Lysol” and “Cresoline” are disinfectants that contain cresols 
and soap. The pure isomers usually are not separated from the 
coal tar distillate, but are prepared from other compounds. 
m-Cresol is said to be a stronger disinfectant than are the other 
isomers. Another use of cresols is in the manufacture of syn¬ 
thetic resins. The combined production of o-, p-, and m-cre.sols 
amounted to over 60,000,000 pounds in 1940. 

Thymol. —Thymol, or 3-hydroxyl-l-methyl-4-isopropylbenzene, 
is a pleasant smelling, crystalline compound obtained from the 
oils of thyme and mint, 

CH, 

/\ 

\joH 

CH 

/\ 

CH, CH. 

Thymol 
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It is used as an antiseptic in toothpastes and mouthwashes. It 
is effective in removing hookworms from the intestinal tract. 

Aromatic Aldehydes 

The aromatic aldeliydes contain the same functional group, 
—C==0, as the aliphatic aldehydes, and many of their reactions 

\ 

H 



Fig. 62A .—See opposite page for legend. 


are similar to those of the aliphatic aldehydes. The aromatic 
aldehydes can contain the functional group attached to one of the 
carbons in the benzene ring, or attached to a carbon in a side 
chain. The class of aldehydes in which the aldehyde group is 
separated from the benzene ring by one or more carbon atoms 
undergoes reactions so similar to the aliphatic aldehydes that 
further consideration of this group will be omitted. 

Benzaldehyde, C,H,CHO. —The simplest purely aromatic 
aldehyde is benzaldehyde. It is a constituent of amygdalin, a 
naturally occurring glucoside found in bitter almonds and in the 
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kernels of many fruits, such as cherries, peaches, and plums. 
The characteristic odor of the oil of bitter almonds is due to 
benzaldehyde. Benzaldehyde can be obtained from a mixture 
of water and ground peach pits or almonds that have been 
allowed to stand. An enzyme, emulsin, present in the mixture 
liberates benzaldehyde. Amygdalin yields glucose, hydrocyanic 
acid, and benzaldehyde on hydrolysis. 



Fig. 62B.—Cresols and phenols are constituents of shock-resistant plastic 
materials, such as suction sweeper parts. In addition to being shock re¬ 
sistant, these materials produce articles with a high surface luster, and. 
because of their ease of moldability, are well adapted to the manufacture of 
pieces of Intricate design. (Courtesy of the Bakelite Corporation.) 
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Preparation, —Benzaldehyde can be prepared from benzyl 
alcohol, CflHgCHaOH, by a method analogous to that used for 
the preparation of the aliphatic aldehydes from primary alco¬ 
hols. The aliphatic alcohols are abundant, and accordingly, 
they are the logical starting point for the preparation of ali¬ 
phatic aldehydes. However, the aromatic hydrocarbons are 
more abundant than the aromatic alcohols, and, consequently, 
are the most frequently used compounds for the preparation 
of the aromatic aldehydes. 

1 . Toluene, which is an abundant aromatic hydrocarbon, is 
a convenient starting point for the synthesis of benzaldehyde. 
One method for the oxidation of toluene depends on the use of 
chromyl chloride. Chromyl chloride dissolved in carbon disulfide 
is added slowly to a flask containing a carbon disulfide-toluene 
solution. The flask is cooled in ice water to prevent the re¬ 
action from becoming too vigorous. An intermediate product 
is formed; on decomposition with water it yields the aldehyde. 

C.H,CH, + 2 CrO.Cl, -» [C.H.CH(OCrChOH),] 

Toluene Chromyl Intermediate product 

chloride 

C,H,CH(OCrCl,OH), + 3 H,0 C,H,CHO + 2 CrO(OH), -f- 4 HCl 

Benzaldehyde 

This method of preparing benzaldehyde is not used widely be¬ 
cause of the inflammability of carbon disulfide and the explosive 
nature of the intermediate compound. 

2 . Toluene can be oxidized with cerium dioxide in sulfuric 
acid. Cerium dioxide has the valuable property of oxidizing 
toluene to the aldehyde stage, but no further. 

CeO, 

CjaLfiB, -^ CeH,CHO 

H,SO, 

Toluene Benzaldehyde 

3. Industrially, toluene is oxidized to benzaldehyde with 
manganese dioxide in 65 per cent sulfuric acid at 40*^ C. The 
reaction can easily go too far to produce benzoic acid, whereas 
the two foregoing reactions do not proceed past the aldehyde 
stage. 
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65% H,SO, 

CeH.CH3-> C^H^CHO + H3O 

MnO^, 40° C. 

4. The hydrolysis of dihalogen derivatives of toluene yields 
benzaldehyde. Benzyl chloride, formed by the chlorination of 
toluene in the presence of sunlight, is hydrolyzed with water 
in the presence of milk of lime. The function of the calcium 
hydroxide is to neutralize the hydrochloric acid formed. 

5. A general method of preparing aldehydes involves the 
action of anhydrous carbon monoxide and hydrochloric acid on 
benzene in the presence of anhydrous aluminum chloride, which 
acts as a catalyst. The hydrochloric acid and carbon monoxide 
yield formyl chloride, which then combines with a hydrogen 
of the benzene ring to form benzaldehyde and hydrochloric acid. 
This is known as Qattermann^s reaction, 

O 

// Anhydrous 

+ Cl—C—H-> C^H^CHO + HCl 

AICI3 

Beiizoiio Benzaldehyde 

Benzaldehyde that is to be used for the preparation of flavors 
and perfumes is prepared by one of the first three methods, be¬ 
cause some chlorine derivatives are likely to remain in the benz¬ 
aldehyde if it is made from one of the chlorinated derivatives. 
Large quantities of benzaldehyde are consumed in the prepara¬ 
tion of dyes, and for this use the benzaldehyde prepared by 
method 4 is suitable. 

Properties. —Benzaldehyde is a liquid that is soluble in 
water to the extent of 0.5 per cent; it is soluble in ether in all 
proportions. The differences between the aliphatic aldehydes 
and the aromatic aldehydes are not as pronounced as the differ¬ 
ences between alcohols and phenols. Benzaldehyde is similar to 
the aliphatic aldehydes in that it forms a slightly soluble 
crystalline sodium bisulfite addition product. It reacts with 
hydroxylamine to form oximes, and with pheiiylhydrazine to 
form hydrazones. It reduces combined silver to the metallic 
form. It does not reduce hot Pehling's solution. 

One of the most characteristic reactions of benzaldehyde is its 
susceptibility to oxidation. In the foregoing methods for pre- 
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paring benzaldehyde, the distillation from the reaction mixture 
usually is carried out in an atmosphere of carbon dioxide to 
prevent oxidation to benzoic acid. The oxidation of benzaldehyde 
proceeds in several stej^s. Initially, it combines with a molecule 
of oxygen to form an unstable compound known as benzoyl 
hydrogen peroxide, or perhenzoic acid. 

O 

// 

C,H.CHO + O, ->> C.H„C—O—0-~H 

Benzaldehyde Benzoyl hydrogen peroxide 

Under ordinary conditions the peroxide breaks up, yielding 
benzoic acid and an atom of active oxygen. This active oxygen 
can oxidize another molecule of benzaldehyde; or, if other oxi- 
dizable substances are present, they are converted to oxidation 
products. 

0 

C,H.(^^0—O—H + C.H/:H0 -> 2 C.H/JOOII 

Benzoyl Benzaldehj^de Benzoic acid 

hydrogen peroxide 

This self oxidation (auto-oxidation) is not peculiar to benz¬ 
aldehyde, for a number of substances appear to undergo oxida¬ 
tion by a similar mechanism. The oxidative rancidity of fats 
may involve a similar type of reaction. The air oxidation of 
aldehydes, as well as the oxidative rancidity of fats, can be 
retarded by the addition of a small amount of an easily oxidized 
material, such as hydrociuiiiol. 

Benzaldehyde differs from the aliphatic aldehydes in its re¬ 
action with ammonia. Whereas aliphatic aldehydes give alde¬ 
hyde ammonia, three molecules of benzaldehyde react with two 
molecules of ammonia to give hydrobenzamide. 

C,H„CHrr:N 

3 CeH.CHO + 2 NH, + 3 H^O 

c,h,ch=n'^ 

Benzaldehyde Hydrobenzamide 

Heating with alcoholic potassium cyanide causes two molecules 
of benzaldehyde to combine to form a hydroxyketone compound. 
This is known as the benzoin condensation. 
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O 0 

-f- 

\/ \/ 

Beiizaldclivdc 


alcoholic 

-> 

KCN 


OHO 



Benzoin 


This reaction is similar in some rcsi)ects to the aldol condensation 
of aliphatic aldehydes, ex(*ept that benzoin is a ketonic alcohol 
instead of an hydroxy aldehyde. 

Most aliphatic aldehydes form gummy resins when they are 
heated Avith 10 per cent sodium hydroxide, but benzaldehyde 
gives the Cannizzjiro rea<dion (page 184) under these ('onditioiis. 
Benzaldehyde and formaldehyde behave similarly in this respect, 
possibly ])ecause neither has a hydrogen atom on an alpha carbon 
atom. 

NaOH 

2 C,H,CHO-> C,H,CH,OH + C,H,OOOH 

B(*rizaklehy<l(' Benzyl alcohol Benzoic acid 

The hydrogen atom ])ara to the liydroxyl group in phenol is 
more active than the other hydrogen atoms and is more eaaily 
substituted. This is true also for aromatic amines. This pe¬ 
culiarity is utilized in the condensation reactions of benzaldehyde 
to form the triphenyl methane, (0,> 11.type of dye (see page 
492). 

Benzaldehyde is a reactive compound and an important 
reagent in organic chemistry, its reactions have been dis* 
cussed at some length because they are illustrative of the reac¬ 
tions of aromatic aldehydes. Other important natural products 
also belong to the class of aromatic aldehydes. Vanillin is a 
methyl ether of pyrocatcchuic aldehyde; it is the active com- 

OH 

\y 

CHO 

Vanillin 


ponent of vanilla extract, and is present in vanilla beans to the 
extent of about 2 per cent. 
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Cinnamic Aldehyde. —This unsaturated aldehyde is present 
in oil of cinnamon. It can be obtained by shaking the oil with 
a saturated sodium bisulfite solution. 


II H 

/\ ' ' 

r ^-0=0—CHO 


\/ 

Ciiiiiamir aldehyde 


Aromatic Ketones 

Aromatic ketones can be classified as one of two types: the 
simple aromatic ketones in w^hich both R groups are aromatic, 
and the mixed ketones in which one R group is aromatic and 
the other is aliphatic. 

Benzophenone, C^HsCOCeH^. —An example of a simple aro¬ 
matic ketone is benzophenone. It is prepared by the reaction 
between benzene and benzoyl chloride, the acid chloride of 
benzoic acid. The reaction is carried out in the presence of 
anhydrous aluminum chloride as a catalyst (Friedel-Crafts re¬ 
action). 


o 0 


/\ 

+ 

C'-c/ N A,Cl, 
--—> 


\/ 

\/ 

\/ \/ 

Benzene 

Benzoyl chloride 

Benzophenone 


Benzophenone is a colorless solid with an agreeable odor. In 
general, its reactions are similar to those of the aliphatic ketones. 

Acetophenone, CgHgCOCHg,— The simplest aromatic-aliphatic 
ketone is prepared by the action of acetyl chloride on benzene in 
the presence of anhydrous aluminum chloride. 


/\ 

4 

0 

CH.(^C1 

\/ 


Benzene 

Acetyl 

chloride 


O 


AlCl, 


/\_Z 


C—CH, 


+ HCI 


Y 

opueno 


Acetophenone 
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This compound is a colorless oil with a fragrant odor. Because 
of its use as a soporific and hypnotic, it has been named hypnone. 
Its reactions also are similar to those of the aliphatic ketones, 
Acetophenone does not, however, give a sodium bisulfite addition 
product, probably due to the interference of the phenyl group. 

Chloroacetophenone, CeHgCOCHaCl, is the most commonly 
used ‘‘tear gas/' 

Quinones 

The quinones are discussed with the carbonyl compounds be¬ 
cause they react with carbonyl reagents. The ketones contain a 
carbonyl group attached to one of the carbons in the benzene 
ring, whereas, in contrast, the quinones contain a carbonyl group 
as a part of the benzene ring itself. 

Benzoquinone, CeH^Og.—When hydroquinol is oxidized, benzo- 
quinone, or, more precisely, p-benzoquinone is formed. Benzo¬ 
quinone is produced also by the oxidation of aniline with sodium 
dichromate. A series of complex intermediate compounds are 
formed during the oxidation, but the principal end product is 
benzoquinone. 


OH 

II 





oxidation 


U 


\/ 

OH 

II 


Hydroquinol p-Benzoquinone 

Benzoquinone is a yellow crystalline compound that possesses a 
penetrating, pungent odor. It is only slightly soluble in water, 
but is soluble in alcohol and ether. It is volatile in steam; that 
is, when a current of steam is passed through a mixture of water 
and benzoquinone, the latter is found in the distillate. 

Benzoquinone forms both a monoxime and a dioxime, indi¬ 
cating the presence of two carbonyl groups. The compound can 
react with halogens both by addition and by substitution. In 
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this respect benzoquinone is unique. In fact, this reaction with 
halogens shows that the typical benzene, or benzenoid, structure 
no longer is present. The arrangement of the doulile bonds in 
parallel fashion is common to all the quinones, and such com¬ 
pounds are said to have a (piinoid structure. As we shall see 
later when we consider dyes, if a compound possesses the quinoid 
structure, it has color. The quinoid structure is termed a 
cliromophore group. Benzoquinone reacts witli bromine in 
chloroform to form benzoquinone tetrabromide. 


O 

II 

/\ 


\/ 

II 

() 

Benzoqiiiiioiio 


Br, 


(iu CHCl,) 


n 

Br/ 

H 


\ 


Bt- 


/'■ 

\Br 

<" 

XBr 


O 


Benzoquinone 

tetrabromide 


In this reaction, benzoquinone behaves as though it contained 
two ethylenic double bonds. 

Benzoquinone reads with hydrochloric acid in the presence 
of an oxidizing agent to form a tetiuhalogen substitution product, 
chloranil. 


O 

II 

/\ 

\/ 


o 

Benzoquinone 


HC 


O 

II 


30 % B.p, 


n 


\/ 


Cl 


o 

Chloranil 


Chloranil is an effective oxidizing agent and is used in the dye 
industry. 

If hydroquinol is heated with ferric chloride, quinhydrone, a 
dark green product, precipitates. This substance contains equal 
molecular quantities of hydroquinol and benzoquinone in a 
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loose molecular combination. Quinhydronc is used for the de¬ 
termination of hydrogen-ion concentration (quinhydrone elec¬ 
trode). 

o-Benzoquinone is prepared from p^^rocatechol by oxidation. 

o 


OH II 



Pyrocatechol o-Henzoquiiioiif 


It is a red, crystalline compound without an odor. 

m-Quinones are not known. 

Anthraquinone. —The carbons in the middle ring of anthra¬ 
cene are oxidized easily to carbonyl groups. Commercially, po¬ 
tassium or sodium dichromate and sulfuric acid are used for 
this oxidation. Large quantities of anthraquinone are manu¬ 
factured from phthalic anhydride and benzene. Aluminum 
chloride is used as a catalyst. 

A recent development is the synthesis of anthra(|uinone by 
passing benzene and phthalic anhydride at 370° C. over a silica- 
alumina catalyst. 


0 



ii 

o 


Phthalic Beiizeiie Anthraquiaoiic 

anhydride 

This method of syntliesis can be a one-stage, continuous, or inter¬ 
mittent ])rocess, while the one using aluminum chloride is a 
two-stage lialclt iirocess. 

Anthraquinone is a yellow solid, melting at 285° C. It is a 
very stable compound and is not attacked easily by hitric acid 
and oxidizing agents. It is reduced by the action of sodium 
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hydrosulfite (NagSgOJ to the corresponding dihydroxy deriva¬ 
tive, anthrahydroquinone. 



Anthrahydroquinone dissolves in alkali to give a deep red color. 
This color disappears on shaking with air, since the anthrahydro¬ 
quinone is oxidized easily back to anthraquinone. An important 
class of dyestuffs, of which turkey red is an example, is formed 
by the hydroxy derivatives of anthraquinone. 


Aromatic Acids 

There are two general types of aromatic acid: in one the 
carboxyl group is attached directly to the benzene ring, and 
in the other, the carboxyl group is attached to a side chain. 




-COOH 




\/ 

Benzoic acid 
( 1 ) 


-CHjCHjCOOH 


\/ 

Phenylpropionic acid 
( 2 ) 


The monocarboxylic and dicarboxylic acids and their deriva¬ 
tives of type (1) are the most prevalent and important of the 
aromatic acids. 

Benzoic Acid. —The simplest of the aromatic acids has one 
carboxyl group attached directly to the benzene ring, and is 
known as benzoic acid, or as benzenecarboxylic acid. It occurs 
as an ester in gum benzoin (12 to 18 per cent), in various 
balsams (Tolu and Peru), and in small amounts in cranberries. 
A pure benzoic acid can be prepared by heating gum benzoin, but 
a more important commercial method of preparation is by the 
oxidation of toluene. 
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H,SO, 

C.H.CH,-> CeH,COOH 

MnO, 

Toluene Benzoic acid 

The acid is prepared also by the hydrolysis of benzotrichloride 
with calcium hydroxide. 

Ca(OH), 

C„H,CC1, + 2 H,0-> CJI.COOH + 3 HCI 

Benzotrichloride Benzoic acid 

Benzoic acid is a white, crystalline solid that melts at 122° C. It 
is sparingly soluble in cold water, but is more soluble in hot wa¬ 
ter. This differential solubility affords a convenient method of 
purification, since the impure acid can be dissolved in hot water 
and filtered through a hot funnel. On cooling, the pure acid sepa¬ 
rates from the filtrate. Benzoic acid is volatile in steam and sub¬ 
limes at about 100° C. The vapor is irritating to the mucous 
membranes in the throat and nose, and causes sneezing and 
coughing. The use of 0.1 per cent benzoic acid as a preserva¬ 
tive in foods is allowed by the Food and Drug Administration. 

Sodium benzoate, C^H^COONa. The sodium salt of benzoic 
acid is soluble in water and has an antiseptic action. It is used 
in small quantities as a food preservative in such products as 
catsup and cider. 

Benzoyl chloride, C^HfiOCh The acid chloride of benzoic 
acid is made by the reaction of benzoic acid and phosphorus 
pentachloride. 

O 

C.H,COOH + PCI, -> + POCl, + HGl 

Benzoic Benzoyl Phosphorus 

acid chloride oxychloride 

Benzoyl chloride is a liquid, and a lachrymator (causes tear 
secretion), although it is less irritating than acetyl chloride. It 
is the reagent commonly used to introduce the benzoyl group into 
compounds. Such a reaction is termed benzoylation; it corre¬ 
sponds to acetylation, or the introduction of the acetyl radical 
into compounds. The reaction is used to test for the presence of 
hydroxyl and amino groups in organic compounds. The deriva¬ 
tives that are formed usually are solids; therefore, they can 
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be purified more easily than ean a liquid, and, in addition, the 
melting point of a solid can be determined more easily than can 
the boiling point of a licpiid. Benzoyl chloride reacts in a man¬ 
ner analogous to acetyl chloride, but the benzoyl derivatives are 
more likelj^ to be solids than are the corresponding acetyl deriva¬ 
tives; thus, the advantage of using benzoyl chloride in certain 
identification reactions is evident. For e^cample, benzoyl chloride 
reacts with the hydroxyl group of phenol to form an ester. 

O O 

li 

CAC—Cl + HOC«H. -> C,H,C--0—+ JTC] 

Benzoyl Phenol Phenyl benzoafo 

chloride 

When benzoyl chloride reacts with sodium benzoate, an an¬ 
hydride is formed. 

o o GO 

// \ II II 

C.H,C~-C1 + Na—O—C—C.Hj CJI,C--0--C—0^11^ + NaCl 

Benzoyl Sodium Benzoic anhydride 

chloride benzoate 


Like benzo}"] chloride, the anhydride* is used as a benzoylating 
agent. 

Svlfohenzoic acids. The m-sulfobenzoic acids can be obtained 
by direct sulfonation of benzoic acid. The p- and o- acids, how¬ 
ever, must be prepared by the oxidation of p- and o-toluene- 
sulfonic acids. 


/\ 


CH, 


SO,H 


oxidation 




o-Toluenesulfonic 

acid 


COOH 


o-8ulfobenzoic 

acid 


The amide of o-sulfobenzoic acid is of considerable importance, 
for on loss of water it yields saccharin, an internal amide. 


o 


/\ 


CONH. hydrolysis 




SO3H 


o-Sulf^enzoic 
acid amide 


Saccharin 


^NH + HP 

sa 
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This compound is said to have approximately 500 times the 
sweetening power of sugar. It has no nutritive value; therefore, 
it can be used by diabetic patients to increase the palatability of 
their diets without increasing their supply of dietary sugar. 
Since the sodium salt is more soluble, it is used sometimes instead 
of the free saccharin. 

p-Aminohenzoic acid. To prepare p-aminobenzoic acid, toluene 
is nitrated at 50° C., and the p-nitrotoluene is separated in vacuo. 
The p-aminobenzoic acid is obtained by oxidizing the methyl 
group to the carboxyl grout), and by reducing the nitro group to 
an amino grouj). p-Aminobenzoic acid recently has been classed 
as one of the vitamins, since it has been found to be necessary for 
the normal growths of rats and chicks (see i)age 721). 


NH, 

/\ 


p 


\/ 


COOH 

'Aniinobenzoic acid 


Hydroxy Aromatic Acids. —Of the hydroxy aromatic acids, 
o-hydroxybenzoic acid, or salicylic acid, is the most noteworthy. 
Salicylic acid is found as the methyl ester (methyl salicylate) 
in fairly large amounts in oil of wintergreen. Salicylic acid can 
be synthesized by heating sodium phenoxide with carbon dioxide 
under pressure. The sodium phenylcarbonate formed rearranges 
to form the salt of salicylic acid, which can be acidified to yield 
the free acid. 

O 

^ / 

C,H.ONji -f CO, —-^ C,H,OC—ONa 

pressure 

Sodium Sodium 

phenoxide plienylcarbonatc 


O 

/ \0—C~ONn 


\/ 

Sodium phenylcarbonate 


./\oH 
O 
// 

ONa 
Sodium salicylate 
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Salicylic acid is a white, crystalline solid, and like benzoic acid, 
is sparingly soluble in cold water, but more soluble in hot water. 
When the acid is distilled slowly, it decomposes to yield mainly 
carbon dioxide and phenol. The acid has powerful antiseptic 
properties, a fact which leads to its substitution for phenol in 
certain instances. 

Derivatives of Salicylic Acid.—Salicylic acid is a typical acid 
and forms salts when it reacts with alkalies. The sodium salt 
possesses antiseptic properties, and, like sodium benzoate, is 
used as a food preservative. The salt also is effective for the re¬ 
lief of the pain of rheumatic fever. 

Salol is a derivative of phenol and salicylic acid. At one time 
it was thought that this substance would decompose at the 
pH of the intestine (but not at the acid pH of the stomach) to 
yield phenol and salicylic acid, which then would act as an 
intestinal antiseptic. It appears to be true that the compound 
passes through the stomach unchanged, but it is not effective in 
producing intestinal antisepsis. Some pills that are meant to 
pass through the stomach unchanged, and to disintegrate when 
they reach the intestine, are coated with salol. Stearic acid 
more often is used for this purpose. 


0 


/N— COONa 

/NoNa 

/\ / 

A / \-0-0- 

_/\ 

2 

+ 2 

+ POCl, 2 

+ 3 NuCl + NaPO, 

\^I0H 

\/ 

i\/OH 

\/ 

Sodium 

Sodium 

Salol 


salicylate 

phenoxide 




Methyl salicylate is another derivative of salicylic acid that 
is used in medicine. It is a liquid that has the pleasant odor 
of wintergreen. It can be prepared by esterifying salicylic acid 
with methyl alcohol in the presence of sulfuric acid as a catalyst. 




Salicylic 

acid 


+ CH,OH 


Methyl 

salicylate 


+ H,0 
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This compound is used as a flavoring in toothpastes and candies. 
It is used as an analgesic in many liniments and salves employed 
for the treatment of rheumatism, aches, and sprains. It has the 
rather unusual property of penetrating the unbroken skin. 

Aspirin is a drug familiar to almost everyone. It is acetyl- 
salicylic acid, and is prepared by heating salicylic acid and acetyl 
chloride or acetic anhydride. 


/\ 

\/ 


COOH ^ y 


/\ 

+ CH,C~-0—CCH, 



OH 


\/ 


--COOH 

P + CH,COOH 
O—CH 3 


Salicylic 

acid 


Acetic Aspirin 

anhydride 


Acetic 

acid 


Enormous quantities of as])irin are produced in the United 
States. In 1946 the production amounted to 9,926,300 pounds. 

Gallic Acid, 3,4,5-Trihydroxybenzoic Acid.—Gallic acid is 
not a coal tar product. It is produced by the hydrolysis of 
tannins, which are found in tea, coffee, walnuts, and many 
other plants. The acid is a trihydroxy derivative of benzoic 
acid. 

COOH 

/\ 

OH 

Gallic acid 


Gallic acid is a solid, soluble in alcohol, ether, and boiling 
water, but only sparingly soluble in cold water. When it is 
treated with ferric chloride, it gives a dark blue coloration 
and a precipitate. If it is heated above 200® C., it decomposes 
to form carbon dioxide and pyrogallol (see page 442). 

Tannin. —Tannin, the glucoside from which gallic acid is 
obtained, occurs in large amounts (about 50 per cent) in gall- 
nuts. These are pathological growths on the leaves and twigs of 
oak trees, and are caused by the sting of gall wasps. In 
addition, tannin is obtained commercially from such substances 
as hemlock, oak bark, and sumac. Tea, coffee, and cocoa also con- 
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tain appreciable quantities of tannins, although they do not serve 
as a commercial source of the compound. In green tea there may 
be as much as 10 per cent of tannin, while in black tea the 
amount has been reduced to about 5 per cent. 

Tannin contains not only gallic acid, but also other hydroxy 
aromatic acids, such as digallic acid and protocatechuic acid. 


OH 


ho/ 


-\ II 

>-c-o 


OH 


lio/ 

OH" 

Digallic acid 


> 


(X)OH 

/\ 


\^C)H 
OH 

Protocatechuic acid 


Tannins are soluble in water and in ether. The solutions 
possess an acid, astringent taste. They are responsible for the 
bitter flavor when tea and coffee are brewed improperly. They 
react with ferric salts to form a dark bluish-black solution. This 
property has led to their use in inks. Ordinary writing inks 
usually consist of ( 1 ) an aqueous solution of tannic acid and 
ferrous sulfate; ( 2 ) certain acidic substances (HCl, H 2 SO 4 ) ; 
(3) gum; (4) phenol (to prevent moldiness) ; and (5) an organic 
dye to give color. 

The tannic acid reacts with ferrous sulfate to yield ferrous 
tannate, a soluble, colorless compound. On exposure in thin 
layers to air, the ferrous tannate is oxidized rapidly to the black, 
insoluble ferric tannate. The organic dye used in the ink gives 
the original color to the ink, so that the writing is not invisible 
before the oxidation reaction takes place. This is the trans¬ 
formation that occurs in the familiar blue-black inks. Inks of 
this type can be decolorized by oxalic acid, which acts to reduce 
the ferric tannate to the colorless ferrous tannate. This method 
of ink removal applies only to iron-containing inks. Many inks 
are now made with organic dyes that are not attacked by oxalic 
acid. Some of these can be decolorized with hypochlorous acid. 

The reaction of tannin with iron salts explains why iron- 
containing waters make poor tea. The iron in the water com¬ 
bines with the tannins in the water (from the tea extract) to 
form an insoluble black ferric tannate compound, thus giving an 
undesirable appearance to the product. 
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Tannins react with protein. The reaction is used in the tan¬ 
ning of leather. Animal skins under ordinary circumstances 
rapidly putrefy in the moist state, and on drying become stiff 
and hard. By tanning, they can be converted into leather that 
resists decay and is pliable. Formerly, tanning was done by 
soaking the hides and bark together in vats. The tannin gradu¬ 
ally was extracted from the bark and acted on the proteins in 
the hides. The more modern method is to treat the hides with 
a solution of tannins prepared from extracts of vegetable mate¬ 
rials. 


Phthalic Acid and Phthalic Anhydride 

There are three dicarboxylic acid derivatives of benzene, but 
the 0 - form, known as o-phthalic acid, or simply as phthalic 
acid, is of greatest importance. Commercially, it is prepared 
by the oxidation of naphthalene with sulfuric acid, mercuric 
sulfate acting as a catalyst. 



\/\/ 


Naphtha lone 


H, 80 , 


HgSO., 200° C. 




\/ 

o-Phthalic a<*i(l 




+ H,0 


The discovery that mercuric sulfate is an effective catalyst for 
the conversion of naphthalene to phthalic acid was the result 
of an accident. The action of fuming sulfuric acid on naph¬ 
thalene was being studied, and in one experiment a thermometer 
that was being used in stirring the mixture accidentally was 
broken in the mass. The operatoi*s noted that an exceptionally 
good yield of phthalic acid was obtained, and from this chance 
happening there developed a practical way of preparing the 
acid. More recently, molybdenum oxide and vanadium pentoxide 
have been found also to catalyze the reaction successfully. 
o-Phthalic acid forms a stable anhydride when it is heated. 


/\ 


COOII 


COOH 


\ 


Phthalic acid 


200 ® C. 


,/ 


O + H,0 


Phthalic anhydride 
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Phthalic anhydride is much used in the manufacture of dyes. 
The peak production of phthalic anhydride during 1945 was 
125,033,000 pounds. Phenolphthalein, a familiar indicator used 
in chemistry, is a product of the reaction between phthalic an¬ 
hydride and phenol (see page 496 for equation). In alkaline 
solutions the indicator has a red color; in acid solutions, it is 
colorless. Phenolphthalein, in addition, is used widely as a 
laxative. 

Phthalic acid, often in the form of its anhydride, is the organic 
acid most frequently used in the manufacture of alkyd resins. 
These resins rapidly are increasing in favor as components of 
high-grade surface coatings, such as enamels and lacquers. 

Dibutyl phthalate is one of the most widely used plasticizers 
for nitrocellulose and other plastics. 

Study Questions 

1. Write an equation for the preparation of benzyl alcohol by means of 
the Cannizzaro reaction. 

2. Name two aromatic alcohols that are useful in making perfumes. 

3. What is the common name for phenol in the liquid form! If it were 
accidentally spilled on the skin, what would be the most satisfactory 
way of removing it? 

4. What is the chemical composition of *'Santophen 20^' and for what 
is it used? 

5. What are several aromatic ethers that are used in making perfumes? 

6. What is the common name for 2,4,6-trinitrophenol ? For what is this 
compound used? 

7. What type of product results when phenol is heated with formaldehyde 
in the presence of ammonia? Name 5 articles made from this material. 

8. Why is phenol not an effective disinfectant for biological material? 

9. What are the names and structural formulas of the three dihydroxy- 
phenols? Cite some uses of these compounds. 

10. What is Seliwanoff^s test? 

11. What alkyl derivative of resorcinol has been shown to possess the great¬ 
est antiseptic power? 

12. What is the common name of 1,2,3-trihydroxybenzene? 

13. Write formulas for the two tautomeric forms of phloroglucinol. 

14. What are the names of the two isomeric monohydroxy derivatives 
of naphthalene. For what are these compounds used? 

15. What is cresylic acid? 

16. What properties of creosote oil make it a valuable wood preservative? 
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17. The odor of bitter almonds is due to what aromatic compound? How 
is this product prepared commercially? 

18. Write the equation for the benzoin condensation. 

19. Name and write formulas for a simple aromatic ketone and a mixed 
aromatic ketone. 

20. In what respect do the quinones differ structurally from the aromatic 
ketones? Write the formula for benzoquinono. 

21. What is quinhydrone and for what is it used? 

22. What is the name of the aromatic acid that has one carboxyl group 
attached directly to the benzene nucleus? 

23. What is meant by benzoylation ? Write an equation to illustrate your 
answer. 

24. What is the formula for saccharin? To what aromatic acid is it related 
in structure? 

25. What is another name for o-hydroxybenzoic acid? 

26. What is the active ingredient in oil of wintergreen that accounts for 
its flavor and odor? For what is this ingredient used? 

27. Write the formula for aspirin. 

28. What are some of the aromatic acids in tannins? 

29. List four components of an ordinary iron-containing ink? Describe 
or explain the formation of the flnal color in blue-black inks. 

30. Describe the role played by tannins in the tanning of leather. 

31. Why are wet tea leaves effective for the treatment of burns? 

32. Write formulas for phthalic acid and phthalic anhydride. 
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CHAPTER XVIII 


AROMATIC AMINES AND DYES 

Introduction. —The aromatic amines are derived principally 
from the aromatic nitro compounds. As has been mentioned 
earlier, nitration is one of the characteristic reactions of 
aromatic compounds. It is by means of this reaction that the 
nitrogen atom is made to combine directly with the benzene 
ring. Amines are formed when the nitro compounds are re¬ 
duced. 

There are three classes of aromatic amines—primary, second¬ 
ary, and tertiary. The basis of the classification is the number 
of iiydrogens in ammonia that arc replaced by (R) groups, at 
least one of whicli must be an amyl group. This is the s<ame 
basis as tliat used for the classification of the ali])hatic amines. 

Primary Aromatic Amines 

Aniline, C^H.NHs.—By far the most important primary 
aromatic amine is aniline. This substance was obtained by 
Pritzsche in 1841 by heating indigo with potassium hydroxide. 
He was the first to name the substance aniline (from the French 
word anil, meaning indigo). Industrially, aniline is prepared 
by the reduction of nitrobenzene with iron and hydrochloric 
acid. 

C,H,NO, + OHCl + 3Fe + 3 FeCl, + 2 H,0 

Nitrobenzene Aniline Ferrous 

chloride 

Only about 2 per cent of the theoretical amount of hydrochloric 
acid indicated by the foregoing equation is required in the in¬ 
dustrial method of preparation. This is explained by the fact 
that, in the presence of ferrous chloride (formed in the reac¬ 
tion), water acts on the finely ground cast iron to liberate the 
hydrogen that reduces the nitrobenzene to aniline. Accord¬ 
ingly, the only acid required is for the formation of the ferrous 
chloride. 


466 



AROMATIC AMINES AND DYES 


4()7 

2 C,H,NOa + (FeCla) + 5 Fe + 4 H,0 2 C«H,NH, + (B^eCl^) + Fe,0, + 2 Fe(OH), 

Nitro- Aniline Ferric Ferroup 

benzene oxide hydroxide 

As ilie iDcthod is carried out industrially, slightly over two 
moles of iron and four to five moles of water are employed per 
mole of the nitro compound to be reduced. The reduction is 
carried out at the boiling point of the reaction mixture. The 
aniline formed is distilled from the reduction mixture with 
steam, separated from the aqueous distillate, and further 
purified by distillation. 

Aniline is readily soluble in benzene, alcohol, and ether, but 
it is almost insoluble in water. It is a colorless oil when it is 
pure, but on contact with air it quickly turns brown. 

Another industrial method of preparing aniline is by the re¬ 
action of ammonia on chlorobenzene. The reaction is carried 
out in the presence of cuprous oxide at a temperature of 200^ 
to 210° C. and at a pressure of about 900 pounds per square 
inch. 

200 ° C., 900 pounds 

0,H,C1 + 2NH, -^-> + NII^CT 

Cu,0 

Chlorobenzene Ammonia Aniline Ammonium 

chloride 

Although only two moles of ammonia are indicated by the 
equation, in industrial practice six moles of ammonia to one 
mole of chlorobenzene are employed. The introduction of an 
amino group by this method often is referred to as ammonolysis. 

Aniline is toxic to man. Contact with the liquid or inhala¬ 
tion of the vapors should be avoided. 

Reactions of Aniline. —1. Salt fonnation with acids. In com¬ 
mon with the aliphatic amines aniline possesses basic proper¬ 
ties and combines with acids to form salts. These salts ai’e 
water-soluble, crystalline solids from which the free amine 
can be regenerated by the action of alkalies. Many com¬ 
pounds used in medicine contain primary aromatic amino 
groups. As a rule, such compounds are insoluble in water. 
In order to obtain a water-soluble substance, the primary 
amino groups are converted to salts. 
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2. Formation of anilides. Aniline reacts with organic acids, 
acid anhydrides, and acid halides to form a class of sub¬ 
stituted amides known as anilides. Thus, when aniline is 
heated with glacial acetic acid, acetanilide is formed. 

100*^ C. 

C,H,NH, + CH 3 COOH-> CANHCOCH, + H,0 

Aniline Acetic acid Acetanilide 


Acetanilide, also known as antifebrin, is used to reduce 
fever. It is the active agent in many remedies for headache 
and neuralgia. In hydrogen peroxide solutions acetanilide 
acts to inhibit the reaction that causes the peroxide to decom¬ 
pose, with the formation of oxygen and water. If it were not 
for the addition of acetanilide, many dilute solutions of hydro¬ 
gen peroxide sold for antiseptic purposes would be worthless. 

Acetanilide is a typical example of an acyl derivative of a 
primary aromatic amine. It is a solid, as are most such acyl 
derivatives. Due to this fact, the acyl derivatives often are 
used for identification purposes. 

3. Reaction with sulfuric acid. When aniline is heated with 
concentrated sulfuric acid, the salt of the acid is formed first, 
but on heating this to 180° C., the sulfonic acid enters the ring 
para to the amino group, forming p-aminobenzenesulfonic acid. 
The name of this compound has been condensed to p-sulfanilic 

NH, 

A 


I 

/\ 


H,SO, 


\/ 

Aniline 


\/ 

Aniline acid sulfate 


NH,.H,80, 



180® C. 


\/ 

Aniline acid sulfate p 


NH, 

A 


+ H,0 


•Sulfanilic acid 


p-Sulfanilic acid is a solid that is insoluble in water and in 
most organic solvents. Its basic properties are so weak that 
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it does not dissolve even in concentrated hydrochloric acid. It 
is nonvolatile and has no definite melting point; thus, it re¬ 
sembles an inorganic salt more than it docs an organic com¬ 
pound. These anomalies are explained best by assuming an 
inner salt combination between the sulfonic group and the 
amino group. Such a combination can be represented as fol¬ 
lows : 


NH," 

/\ 

\/ 


so,- 


Sulfanilamide (aminobenzenesulfonamide) is a derivative of 
sulfanilic acid. It can be prepared by the following series of 
reactions: 


NH, 

I 

/\ 


+ CH,COOH 


\/ . . 

Aniline Acetic acid 


H O 

I ^ 

N—C^—CH, 

I 

(chloroaulfonic acid) 

\/ 


H O 



p-Acetaminobenzene 
sulfonyl chloride 


H O 

I / 

N—C—CH, 

I 

/\ 


dilute acid 


Y 

0 = 8=0 

I 

NH, 

p-Acetaminobenzene 

sulfanilamide 


NH, 

I 

/\ 


\/ 


0:::::S=0 


NH, 

Sulfanilamide 


Credit for the discovery of the effectiveness of sulfanilamide 
in the treatment of human disease must go to a number of 
workers. The observation was made in 1932 by G. Domagk that 
a dye, Prontosil, given by mouth protected mice against other¬ 
wise fatal doses of hemolytic streptococci. This was, perhaps, 
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the first significant observation of a series that led to the dis¬ 
covery of the remarkable curative powers of sulfanilamide. 
Ijate in 1935 the French workers Trcfoue], Nitti, and Bovet 
announced that the action of prontosil on microorganisms was 
due to the fact that the dye was broken down in the body to 
yield sulfanilamide, wliich was the therapeutic agent. In 1936 
Long, Bliss, and Marsliall and their co-workers at Johns Hop¬ 
kins University confirmed tlie experimental findings of the Eu¬ 
ropean investigations on the therapeutic action of sulfanil¬ 
amide. The adoption of sulfanilamide as a curative agent for 
a large number of diseases followed in rapid order. It was 
found effective in the treatment of ])uerperal fever, erysipelas, 
septicemia, scarlet fevei*, mastoiditis, pneumonia, se[)tic sore 
throat, streptococcal meningitis, gonoriFea, and gas gangrene. 
In some cases the administration of tlie drug was followed by 
almost iud)elievably rapid recoveries. 

It soon ])eeanie a])par(‘nt, however, that sult’anilarnidc was not 
a panacea. Its us<‘ fre(iuently was attended hy toxic symptoms 
such as nausea, dizziness, cyanosis, j)sychoses, and anemia, so 
that the search for derivatives that w()uld not have these un¬ 
desirable charactei’istics and that coidd be used to combat dis¬ 
eases that did not yield to treatment with sill {'anilamide was 
begun. These I'cseari'lies liave shown that the amino grou]) in 
the derivatives must lie jiara to the sulfonamide group. Meta 
and ortho amino com])ounds have no observable therapeutic 
action. 

Sulfathiazolc is a derivative of sulfanilamide that is 
particularly valuable in the treatment of staphyloco(*.cus in- 

NH, 

/\ 

\/ 

0=8=0 8--CH 

I I II 

NH-C CH 

\ / 

N 

Sulfathiazolc 
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feeiions. It shows loss toxic I’caotion thno siiirariilamide but 
is more toxic than some of the newer drujis. 

»Sull‘a^’iiaiiidin(' and Snliasuxidiiie (sm'ciiiylsidfatliiazole) are 
two derivatives that are ])oorly absorbed iVom tlic intestinal 
tract. Tliis })rop(‘rty makes tlieiu uset'iil in tlie treatnumt of 
bacillaj'y dysentery; the hij?h concejitration of the druj2^ in the 
intestinal tract drastically reduces the bac'tei'ial count. This 
same {>roperty makes the dj‘uj]js useful in ])re- and posto{)erative 
intestinal surgery patients to help diminish mas pains and the 
possibility of peritonitis and abs('ess foi'ination. Of tin* two 
di'ums^ Sulfasuxidine is tlie less toxic. 


A 

\/ 

I 

()—S-“() 

i 

N 

I 

Sulfaguariidino 


() 

li 

NH—(■ - -CH, ~ ('H,- - ('()()H 

A 

\/ 

o—S~0 s-CH 

i ! II 

NH—(' CM 

\ / 

X 

Sul fasti XJ (lino 


Sulfadiazine is less toxic than many of the sulfa drugs. It 
is useful in tiie treatiiient of pneumonia and staphylocoecie 
infections. 


NH, 

/\ 


\/ 


N—CH 


SO,NH—(;/ ^CH 
N—(HI 


Sulfadiazine 


Sulfamerazine is one of the newer sulfa derivatives. It is said 
to be more quickly absorbed and less rapidly excreted than 
the other sulfonamides; therefore, the drug can be given suc¬ 
cessfully in two or three doses daily instead of the customary 
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four to six used for the other sulfa drugs. Studies indicate 
that the toxicity of sulfainerazine is about the same as for 
sulfadiazine. 


«■”< >- 


O H N™C^H 

II I I I 

-S—N—C OH 

II II II 

() N—(V-(Ui, 


Sulfa me rnziue 


4. Reaction with nitric acid. When aniline is treated with 
concentrated nitric acid, the reaction is mainly that of oxida¬ 
tion, although some nitration does take place. The amino group 
can be protected from the oxidizing action of nitric acid by 
acetylation, with the formation of acetanilide. In the nitration 
of acetanilide, substitution takes place almost entirely in the 
para position. The amino group is set free by hydrolyzing oif 
the acetyl group. 


NH, 

/\ 


CH,COOH 
-> 


X/ 


Aniline 


NHCOCH, NHCOCH 3 


xx 

UNO. 


xx 

HOH 

X/ 

0-8'' C 


XX 

NO. 


Acetanilide 

p-Nitroacetanilide 


NH, 

/\. 


■» 


\/ 

NO. 

p-Nitroaniline 


m-Nitroaniline can be prepared by the reduction of m-dinitro- 
benzene. If this reduction is carried out with sodium sulfide, 
only one of the nitro groups is reduced. 


NO3 

/\ 


X^NO. 

m-Dinitrobenzene 


Na,8 + 11,0 


Sodium 

sulfide 


NH- 

/X 


'X^NO. 

m-Nitroaniline 


+ 


Na^SO, 


The sodium sulfide (dissolved in alcohol) is mixed with an 
alcoholic solution of m-dinitrobenzene in a steam-jacketed re¬ 
ducer. The reaction mixture is maintained at the boiling tem¬ 
perature for two hours, after which the alcohol is distilled off. 
The inorganic salt in the solid reaction mixture is dissolved out 
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with water. The suspension from this process is pumped into 
large filter presses, from which m-nitroaniline is obtained as a 
moist cake. Drying of this cake is carried out on trays in a 
vacuum drier. 

5. Halogenation. The ease of substitution of the nuclear 
hydrogens"^ of aniline is analogous to the ease of substitution 
of nuclear hydrogens in phenol. When aniline is mixed with 
bromine water, a white solid, 2,4,6-tribromoaniline, separates. 
The formation of the white precipitate, which is sparingly 
soluble in water and has a definite melting point, can be used 
for the identification of aniline. 

Aniline resembles the primary aliphatic amines in that it 
gives the carb>damine reaction (page 297) with chloroform and 
caustic alkali. The disagreeable odor of the phenylisocyanate 
is unmistakable. 

6 . Oxidation. Aniline is oxidized easily. The course of the 
oxidation depends to a large extent on the conditions under 
which the reaction takes place. If sodium dichromate is added 
to a solution of aniline and sulfuric acid, a series of colored 
oxidation products are formed. The reaction culminates in the 
formation of a complicated mixture of substances known as 
aniline black. Aniline black is used for staining and protecting 
the tops of wooden laboratory desks. 

Secondary Aromatic Amines 

The secondary amines may be of two types: (a) those in 
which there are alkyl and aryl groups, and (b) those in which 
there are only aryl groups. Monomethylaniline (N-methyl- 
anilinet) is a representative of the first class. It is prepared 
by heating aniline sulfate with methyl alcohol under pressure 
in an autoclave. Monomethylaniline, treated with the usual 
nitrating mixture of nitric and sulfuric acids, yields a nitrated 
nitramine. 

♦The carbon atoms In the benzene ring, when considered as a group, 
often are termed the nucleus. The hydrogens attached to this nucleus are 
then the nuclear hydrogens. 

tThis designation is used to indicate that the methyl group is combined 
with the nitrogen. 
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NHCH, 

/\ 


I I 4- 4 HNO, 

\/ 


H, 80 , 


Monomethylaniline 


NO, 

/ 

N~CH, 


(),N 



4 H,0 


\/ 

I 

NO, 

Tiinitrophenyliiicthyl- 

nitramino 


Trinitrophen^'liiiethylniti'aiiiiiie, also known as letryl, is used 
as a ''booster'' in military explosives. The function of sub¬ 
stances used as boosters is to explode between the explosion of 
the detonator and the main bursting charge, thus increasing the 
destructive action of the main charge. 

A mixture of tetryl and T.N.T. is used as an explosive in 
torpedoes. 

Diphenylamine, (C6H5)2NH. —Diphenylamine is an example 
of a purely aromatic secondary amine. Tt is prepared by heat¬ 
ing aniline hydrochloride with aniline at a high temperature in 
an autoclave. 


NH,HC1 

/\ 


\/ 


Aniline 

hydrochloride 


NH.. 

/V 


.‘^line 



\ 


NH.Cl 


Diphenylamine 


This compound crystallizes in the form of small plates, and has 
a melting point of 54® C. Diphenylamine is used in smokeless 
powder as a stabilizer to prevent spontaneous decomposition. 
A solution of diphenylamine in concentrated sulfuric acid gives 
a blue color in the presence of nitrates. This is an easy test to 
perform and a very sensitive one. 

Products Resulting From the Reduction of Nitrobenzene in 
Alkaline Solution. —When the reduction of nitrobenzene is 
carried out in alkaline solution in the i3resence of zinc dust 
and sodium hydroxide, a number of reduction products con¬ 
taining two benzene rings can be obtained by controlling the 
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reducing activity of the system. These compounds, and the re¬ 
ducing agents used to obtain them, are shown in the following 
diagram: 



(),N ZZ 

\/ 

L .... 

\/ 

J 



Hvdrazobenzene 



(NH,), S 


N=N- 


X 


\ 

/ 


Azobenzene 


Hydrazobenzene is the starting material for the preparation 
of the benzidine dyes, the most widely used dyestuffs for cot¬ 
ton. 

Tertiary Amines 

Dimetbylaniline, CtjHgN(0113)2. —Dimethylaniline is produced 
by the same type of reaction as that used for the preparation of 
monomethylamine. The conditions of the reaction, such as the 
amount of methyl alcohol used and the temperature of the re¬ 
action, determine whether monomethylamine or dimethylamine 
is produced in excess. 


Aniline 


200° C., 30 atmospheres 

2 CH 3 OH-> CeH,N(CH,), + 2H,0 

H,SO^ Dimethylaniline 


Dimethylaniline is a pale yellow, oily liquid that boils at IDS'" 
0. The hydrogen para to the dimcthylamino group is especially 
active, and takes part in many reactions used in the preparation 
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of dyes (page 492). In 1940 over seven million pounds of 
dimethylaniline were manufactured in the United States. 

Triphenylaniline, (CoH5)aN.— The presence of three negative 
phenyl groups around the nitrogen atom in diphenylaniline re¬ 
duces the basicity of the compound to the extent that it no 
longer forms salts with either hydrochloric acid or sulfuric 
acid. 

Homologues of Aniline 

Toluidines, o, p, m. —The toluidines are related 

to toluene in the same way that aniline is related to benzene. 
As is always the case for disubstituted derivatives of benzene, 
there are three isomeric toluidines. The o- and p- isomers are 
made by the reduction of the corresponding nitrotoluenes. 
m-Toluidine can be prepared from benzaldehyde. 


CHO 


HNO, 


OHO 


CH. 


Benzaldehyde 


Zii in acetic acid 


NO, 


Nil, 


m-Toluidine 


Only the important end products are given in the foregoing re¬ 
action. The student should write out the completed and balanced 
equation for each step of the synthesis. 

Xylidines, —The xylidines are the corre¬ 

sponding amino derivatives of xylene. They are used in the 
preparation of dyes. 

Diamines 


An important class of aromatic compounds that contains two 
primary amino groups is the phenylene* diamines. There are * 


three isomers. 



NH, 

NH, 

/\ 

NH, 

A 

\/ 

1,2-Diaininobenzeiie 

1, 3-Diaminobenzeiie 

NH 

1, 4-DianiinoDe] 


•The phenylene radical is derived from benzene by the loss of two hydro¬ 
gens. It corresponds to the methylene radical, in the aliphatic 

series. 
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These diamino derivatives of benzene are all solids that dissolve 
easily in water. o-Phenylenediamine is prepared by the reduc¬ 
tion of o-nitroaniline with zinc dust and alkali. m-Phenylene- 
diamine is made by the reduction of m-dinitrobenzene. This re¬ 
duction is carried out in industry with iron and hydrochloric 
acid. m-Phenylenediamiiie finds limited application as a hair 
and fur dye. 

Other Amines 

Benzylamine, CeH^CHgNHo. —The amino compounds in 
which the amino group is attached to a side chain are isomeric 
with the toluidines, but the properties of the two classes of 
compounds differ markedly. Benzylamine is prepared by the 
action of ammonia on benzyl chloride. 

CJI.CHjCl + NH 3 ^ C«H,CH,NH 3 + HCl 
Benzyl chloride Benzylamine 

Benzylamine is a liquid with an ammoniacal odor. It dissolves 
in water to give a strongly alkaline solution. In this and in 
other properties it resembles the aliphatic amines. The in¬ 
fluence of the negative phenyl group in reducing the basicity 
of the nitrogen atom, as for example in aniline, almost dis¬ 
appears when the phenyl group is separated from the nitrogen 
atom by a carbon atom. The properties of benzylamine are 
more in keeping with the properties of a compound resulting 
from the replacement of one of the hydrogen atoms in methyl- 
amine by a phenyl group. 

Benzedrine, /?-Phenylisopropylamine. —Benzedrine in the 
form of its sulfate is a stimulant for the central nervous sys¬ 
tem, and, as the free base, is used to constrict the mucous mem¬ 
brane of the nasal passages. 


CH,—CH—CH, 

H,SO, 

Benzedrine sulfate 

It has given encouraging effects in the symptomatic manage¬ 
ment of manic-depressive psychoses. The so-called “pep 
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pills taken some students in order to stay awake while 
studying for examinations are benzedrine sulfate. The use of 
this substance does allow some students to work for long periods 
of time without sleep, but the consumption of the drug may be 
dangerous, since it causes a marked increase in the blood pres¬ 
sure and in the pulse rate of many persons. (Collapse and 
hysteria have resulted from its use. If a person knows that in 
his case no ill effects result from the ingestion of the compound^ 
a useful application of the drug is to take it if he must drive 
at night when he is vciy tired. The drug lielps to keep him 
awake, and thus aids in i)reventing dangerous accidents. 


Reaction of Nitrous Acid With Aromatic Amines 

Primary aromatic amines react with nitrous acid to form 
a class of derivatives known as diazonium compounds. These 
compounds are very diiferent from the products obtained by the 
reaction of nitrous acid with primary aliphatic amines, which 
are alcohols and gaseous nitrogen (sec page 297). 

0^-5® C. 

C.H,NH, + HNO,-^ CAN.Cl + 2 H,0 

Aniline Nitrous Benzene diazonium 

acid eldoride 


This reaction with nitrous acid is known as diazotization. It 
must be carried out at a low temperature to prevent decomposi¬ 
tion of the diazonium compound. A separate section (page 
480) will be devoted to the numerous reactions of benzene 
diazonium chloride* One of these reactions is especially im¬ 
portant in the preparation of a number of dyes. 

Secondary aromatic amines, as well as secondary aliphatic 
amines, react with nitrous acid to form nitroso derivatives. The 
formation of the nitroso derivative of monomethylaniline is 
represented by the following equation: 


OH, 




N™ H 


+ HONO 


\/ 

Monomethylaniline 


CH, 

i^\n—N=:0 


\/ 

Nit rosomethvlani line 


+ H,0 
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Tertiary aliphatic* Minincs do not rcart with nitrous arid ex¬ 
cept to form salts. Aromatic Ici'tiary amines, liowever, form 
nitroso derivatives. Tlie absen(*e of hydroj^en on the nitrogen 
atom precludes the possibility of forming nitrogen derivatives, 
])ut as we have seen in other cases, the para hydrogen atom 
is especially active, and substitution takes place at this point. 





\/ 

Diinetliylaniline 


HONO 


N(CH,).. 

/\ 

4 H,0 


NO 

Nitrous p-Nitroso- 

acid dimefhylaniline 


p-Nitrosodimethylaniline is a green solid ti)at is only slightly 
less basic than the original amine. This nitroso derivative of 
dimethylaniline is useful in the synthesis of dyes. 


Diazo Compounds 

The term diazo is a general one used to indicate the presence 
of two nitrogen atoms in the molecule. The term azo comes 
from the French word azote, meaning nitrogen. The diazo com¬ 
pounds rank iji importance wuth the Grignard reagent and 
acetoacetic ester as reagents in organic syntheses. The prepara¬ 
tion of a large and important class of dyes, the azo dyes, would 
not be possible without the diazo compounds. 

The diazonium compounds, one of the classes of diazo com¬ 
pounds, are prepared, as we have seen, by the reaction of 
nitrous acid on primary aromatic amines. In practice, the 
amine is dissolved in concentrated mineral acid in the propor¬ 
tion of about two and a half moles of the acid to one mole of 
the amine. This is necessary since there must be sufficient acid 
to form the salt of the amine, to generate nitrous acid, and still 
leave an acid solution. The nitrous acid is generated in the 
reaction mixture by adding slowly a 10 to 20 per cent solution 
of sodium nitrite. It is necessary to keep the reaction mixture 
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at a low temperature, 0° to 5*^ C., because diazonium compounds 
decompose above 8° to 10° C. 


n 



/\ 

/ 


/\ 

—N=: 



1 \ 

5® C. 


1 



H 

+ HO— N -> 


Cl 


\/ 

Cl 

/ 

o 

\/ 


Aniline 

Benzenediazonium 

hydrochloride 

cliloride 


+ 2H,0 


The diazonium salts seldom are isolated, since the dry salts are 
dangerously explosive when they are heated or struck a slight 
blow. In solution, the diazonium salts are quite safe to handle; 
therefore, their reactions are carried out in the solutions in 
which they are prepared. 

The diazonium salts, resemble the ammonium or quaternary 
ammonium salts in that (1) they are soluble in water, and (2) 
they ionize in aqueous solution. This saltlike character is in¬ 
dicated by the onium ending. The diazonium compounds, like 
the ammonium salts, contain pentavalent nitrogen. The re¬ 
semblance of benzenediazonium chloride to ammonium com¬ 
pounds is emphasized further by the following formula for 
benzenediazonium chloride in aqueous solution : 


N=N 

\/ 


+ cr 


Reactions of the Diazonium Compounds. —The reactions of 
the diazonium compounds can be divided into two large 
classes: (a) the replacement reactions, and (b) the ^^coupling 
reactions.’^ ' 

Replacement reactions. The ease with which the diazonium 
group can be replaced by other groups or elements renders them 
very useful in synthetic organic chemistry. It is important to 
note that in this type of reaction the nitrogen is evolved as ele- 
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mentary nitrogen. Some of the replacement reactions of benzene- 
diazonium chloride are: 

Eeplacement by chlorine. The diazonium group is replaced by 
chlorine when cuprous chloride is added to a solution of benzene- 
diazonium chloride. 

Cu,Cl, 

C.H,N,a-> C.H,C1 + N, 

Benzenediazoniuin Chlorobenzene 

chloride 

This is known as the Sandmeyer reaction. If the replacement 
is brought about in the presence of finely divided powdered 
copper, it is known as the Gattermann reaction. 

Replacement by bromine. In a similar fashion the diazonium 
group can be replaced by bromine. 

Cu,Br, 

C,H.N,C1-> CeH.Br + N, 

Replacement by iodine. Cuprous salts are not necessary for 
the replacement of the diazonium group by iodine. If potassium 
iodide is allowed to react with benzenediazonium chloride, iodo- 
benzene separates. This is one of the most convenient methods 
of introducing iodine into the aromatic nucleus. 

KI 

C.H,N,C1-C.H.I + N, 

Replacement by cyanogen. The cyanogen or cyanide group 
(C=N) can be substituted for the diazonium group by the addi- 
tion of cuprous cyanide. 

KCN 

2C,H„N,C1 + Cu,(CN),-> 2C,H,CN + Cu,Cl, + 2N, 

Benzenediazonium Cuprous Phenyl Cuprous 

chloride cyanide cyanide chloride 

It will be remembered that the cyanide group can be hydrolyzed 
to the carboxyl group; thus the preceding reaction affords a con¬ 
venient method for adding the carboxyl group to the benzene 
ring. 

Beplacement by hydroxyl group. If an aqueous solution of a 
benzenediazonium salt is warmed, nitrogen is evolved and a 
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phenol is formed. This is the reaction that takes place if the 
temperature during diazotization is not kept below C. 

f H,0 C,H,OH + N, + liC\ 
BeiizcnediazoniuTH Pheno] 

chloride 


Tautomerism of diazonium cornpoimds. Before considering 
the coupling reactions, we must digress to consider tlie 
form of the diazonium salts that takes part in these reactions. 
If a solution of benzenediazonium chloride is treated with silver 
hydroxide, silver chloride precipitates, and a strongly alkaline 
solution results. The properties of this strong base resemble 
those of quaternary ammonium hydroxides. 


/\.- 


-N=N 

I 

Cl 


AgOH 


-N=N 

I 

OH 


+ AgCl 


\/ 

Benzenediazonium 

chloride 


\/ 

Benzened i azoniu ru 
hydroxide 


By the action of hydrochloric acid, benzenediazonium chloride 
again is formed. The hydroxide itself has not been isolated. If 
the solution of benzenediazonium hydroxide is treated with 
sodium hydroxide, the organic base becomes weaker, until finally 
it behaves like a weak acid; that is, it forms a sodium salt. This 
change in properties is believed to be due to a rearrangement 
within the molecule. The .structure of the compounds formed 
can be represented as: 




-N=N 

I 

OH 


V 

Benzenediazoniuin 

hydroxide 



—N=:N- OH 


\/ 


Benzened iazo 
hydroxide 


It will be noted that both the nitrogen atoms are trivalent in the 
benzenediazo hydroxide. This tautomerism explains the reaction 
of benzenediazonium salts in alkaline solution, and also the 
mechanism for the coupling reaction used for the formation 
of dyes. 
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Coupling reaction. During the coupling reactions, the nitro¬ 
gen atoms are retained and the azo linkage, —N««N—, is formed. 
Prom this fact it seems that the diazo form of benzenediazonium 
chloride, CeHoN^^NCl, rather than the diazonium form, 
CqUbN^N, takes part in these reactions. In neutral or alkaline 

Cl 

solution, aromatic amines and phenols undergo the coupling re¬ 
action with diazo salts. This reaction involves a para position 
unless this position already is occupied, in which case the 
coupling can take place at the ortho position. Meta coupling 
does not occur. The coupling reaction wdth phenol can be repre¬ 
sented as follows: 






0°- 5“ C. 
-> 


Bcnzenedijizo 

chloride 


I'henol 





/" 

\_ 


>■ 


OH -h HCl 


p-Hydroxy[izol)onzeno 


Tertiary amines also couple in the para position. 


\ 0°- 5=^ C. 

-^ 

Benzenediazo I)i met h yla ni li ne 

chloride 

^N((;U3), + HCl 
Dimethylami n oazobenzene 


\„ 


x 


Nr-NOl + 


The term azo, instead of diazo, is used in tlie naming of the 
compounds formed in order to indicate that there is one nitrogen 
atom for each ring, and not two niti'ogen atoms associated with 
one ring as in the diazo salts. The correctness of the formula 
given by the coupling reaction is demonstrated by the products 
formed on reduction. 

reduction 

CAN=:=NCeH„N(CH,),-> OANH, + NH,C,H.N(CH3), 

pimethylaminoazobenzeiie Aniline p-Aminodi methyl 

aniline 
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Primary amine groups are formed at the point where the two 
nitrogens were joined. 

The diazo salts also couple with primary and secondary amines 
to form diazoamino compounds. A typical reaction of this class 
is the reaction of benzenediazo chloride with aniline. 




:N—Cl + H,N 


/■ 

\_ 


■\ 

_/ 




Benzenediazo 

chloride 


Aniline 


_ H _ 

<_>=’*-"<_> 

Diazoaminobenzcne 


+ HCl 


The most important reaction of diazoaminobenzcne is its trans¬ 
formation to p-aminoazobenzene when it is heated with aniline 
hydrochloride, or with an excess of hydrochloric acid. 


^N=N—NH<^ ^ 
Diazoaminobenzene 






N=:rN« 


\ 

./ 


p-Aminoazobenzene 


This compound is a yellow azo dye, although it is not used for 
dyeing purposes because the color is not permanent. 

The mild reduction of benzenediazo salts in acid solution with 
stannous chloride yields phenylhydrazine hydrochloride. 


H 


/\ 


,N=:NC1 


\/ 

Benzenediazo 

chloride 


8nCl, 

HCl 


/\ 


N—NH,HC1 


V 

Phenylhydrazine 

hydrochloride 


The free base that can be obtained by the treatment of phenyl¬ 
hydrazine hydrochloride with sodium hydroxide is a liquid with 
an unpleasant odor. Exposure to air causes it to darken. The 
vapors of phenylhydrazine are toxic, and undue exposure to the 
fumes should be avoided. The importance of phenylhydrazine 
in the characterization of aldehydes, ketones, and the sugars al¬ 
ready has been emphasized. 
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Aiitipyrine is obtained by condensing methyl phenylhydrazine 
with the enol form of acetoacetic ester. 


CH, H 


C-jOH.Hi—N —N,/\ 

H^_C—OCA 
II 
0 




— C —N—CHg 



HC—0=0 


Acetoacetic 

ester 


Methyl 

phenylliydrazino 


Antipyrine 


f C^HsOH + HjO 


Antipyrine originally was introduced as an antipyretic (to re¬ 
duce fever). Now it is a component of many of the mixtures 
sold to the pu])lie for the relief of pain. 


Aminophenols 

The aminophenols are prepared by the reduction of the cor¬ 
responding nitrophenols or by the action of ammonia on the 
dihydroxyphenols, using zinc chloride as a catalyst. m-Amino- 
phenol can be prepared in this way from resorcinol. 


OH 

/\ 


OH 


+ NH, 


ZnCl, 


OH 

/\ 


\/ 

Resorcinol 


NH, 


+ H,0 


m-Arainophenol 


p-Aminophenol can be synthesized from nitrobenzene by the 
following method: 


H 


NO, 

/\ 

V 


reduction 

- > 

Zn dust, CaCl, 
solution 


N—OH 

A 

\/ 


Nitrobenzene Phenyl* 

hydroxylamine 


rearrangement 
in the presence 
of HCl 

- > 


OH 

/\ 



p-Aminophenol 

hydrochloride 

(Rodinal) 


p-Aminophenol hydrochloride is employed in photography as a 
developer under the name of Rodinal. The 1 , 4 - derivatives of the 
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p-aniinoplicnol type of compound are oxidized very readily, espe¬ 
cially in alkaline solution. Due to this property, they are valu¬ 
able as photographic developers. 

Amidol also is used as a photographic developer. It can be 
prepared from benzene in the following manner: 


/\ 

\/ 

Benzene 


Cl Cl 


/\ 

HNOj, 

/\ 

NO, 

hydrolysis 

\/' 

H,80, 

\/ 

Nf). 


NajT), 


OH 


x/ 

NO, 


reduction 

-^ 

Fe, H(^l 


OH 

/X 


NH-HCl 


\/ 

NH,HC1 

Amidol 


Another one of the amino phenolic type of photographic de¬ 
velopers is metol, whose sulfate has the formula illustrated 
below. 


OH 

X\ 


\/ 

I 



Metol sulfate 


These compounds, which are used as photographic developers, 
illustrate a property that has been pointed out several times be¬ 
fore ; namely, that amino, hydroxyl, and methyl groups in the 
para and ortho positions markedly increase the reactivity of 
an aromatic compound. 

Photographic film consists of an intimate mixture of silver 
bromide and gelatin on a transparent cellophane sheet. On ex¬ 
posure to light the silver bromide is reduced partially to metallic 
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silver, the extent of the reduction being dependent on the in¬ 
tensity of the light. The function of a photographic developer 
is to continue the reduction, which already has been started by 
the action of light. The reduction proceeds most rapidly and 
deposits the most silver where the illumination was the brightest. 
Thus a plate is formed that is darkest where the light was most 
intense. On account of this reversal the plate is called a nega¬ 
tive. The silver bromide that has not been exposed to light is 
not affected by the developer. To prevent the gradual reduction 
of the remaining unchanged silver bromide to silver by the 
action of light, the silver bromide is dissolved out by soaking the 
film in ''h3^po,NaoSgO.,. 


Dyes 

Although the definition is not entirely satisfactory, we can de¬ 
fine a dye as a compound that is capable of imparting permanent 
color to a textile or other solid material. 

Ordinary white light passed through a glass prism breaks up 
into its component colors, which are known as a spectrum. Sub¬ 
stances are capable of absorbing or reflecting light. The color 
of a substance is dependent on the kind of light that it reflects; 
that is, on the kind of light that reaches our eyes. The absorp¬ 
tion of light is dependent on the chemical structure of the sub¬ 
stance absorbing the light. From a more fundamental stand¬ 
point, this absorption of radiant energy is dependent on an un¬ 
stable arrangement of electrons in the molecule. 

Up to the middle of the last century all dyes were obtained 
from naturally occurring substances. The first dye to be syn¬ 
thesized, mauve, was prepared in 1856 in a private laboratory 
by William Henry Perkin, then a lad only 18 years of age. The 
preparation, however, was quite unintentional. Perkin, work¬ 
ing during his Easter vacation, was trying to prepare quinine 
hy the oxidation of aniline. As sometimes happens to organic 
chemists, he obtained a black, tai'ry mass instead of the beauti¬ 
fully crystalline product he anticipated. He was washing out the 
tar with alcohol when he noted a violet color in the alcoholic solu¬ 
tion. It was an indication of his future greatness that the 
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curiosity of this 18-year-old investigator led him to isolate the 
colored substance and to try it as a dye. He realized the com¬ 
mercial importance of his discovery, and later he founded a very 
profitable dye industry in England. 

The discovery by Perkin that a dye could be made in the 
laboratory from substances that possess no color was the impetus 
for feverish attempts by organic chemists to synthesize other 
dyes. An important event in these attempts was Kekule^s an¬ 
nouncement of a structural formula of benzene. Now there was 
some theoretical basis for aromatic chemistry. When Perkin 
discovered his dye, the structural formula of aniline was not even 
known. An indication of the infiuence of the development of the 
theoretical side of organic chemistry was the synthesis for the 
first time of a naturally occurring dye by Graebe and Lieber- 
mann in 1868. This dye, alizarin, had been obtained formerly 
only from the madder root. Other chemists were working on a 
similar process. In fact, Graebe and Liebermann filed their 
patent for a commercial method of manufacturing alizarin on 
June 25, 1869, one day before Perkin filed a patent for the same 
process. 

The development of the synthetic dye industry is an example 
of a situation that often exists in industrial processes. The art 
precedes the science. An empirical method of carrying out a 
process may yield an acceptable product before scientific knowl¬ 
edge has advanced to the point where the actual chemical re¬ 
actions are known and understood. Even today, one class of 
dyestuffs, the sulfur dyes, are widely used, but their exact chemi¬ 
cal structures are uncertain. 

We have said before that the development of color depends 
on the absorption of certain portions of visible light and the 
reflection of the remainder. It has been found that certain 
groupings must be present before compounds exhibit this phe¬ 
nomenon. These groups that cause the absorption of light in 
the visible range, and accordingly give color to the compound, 
are known as chromophore groups. Hence, a chromophore 
group can be defined as amy group of atoms that gives cqIqt to a 



AROMATIC AMINES AND DYES 


489 


compound, A few of the more important ehromophore groups 
occurring in dyes are : 


1. Nitro 2. Azo 3. Quinoid 



4, Azine 5. Indigoid 



Not all colored compounds are dyes. The color must be 
capable of being permanently attached to a fiber, leather, or 
other solid material. In order for a substance to function as a 
dye, it must contain auxochrome groups. An auxochrome group 
enables the dye to be fixed to the solid material. The auxo¬ 
chrome groups can be divided into two classes: the basic groups 
and the acidic groups. The basic groups are the primary amino 
group, —NHj, the secondary amino group, —NHR, and the terti¬ 
ary amino gi’oup, —NRj. They deepen and intensify the color. 
The acidic groups, such as the carboxyl group, the sulfonic acid 
group, and the hydroxyl group, usually do not intensify the 
color. It will be noted that all the auxochrome groups are salt¬ 
forming groups and are important in rendering the dye soluble. 

Classification of the Dyes.—The chemistry of dyestuffs is 
extremely complex, and space will limit us to a brief treat¬ 
ment of the subject. There is a very extensive literature on the 
chemistry of dyestuffs, and this includes thousands of patents 
for their manufacture. For such an involved subject it is 
especially desirable to have a system of classification. There 
are two systems used for classifying dyes. The one that is. of 
the most interest to the chemist is based on their chemical struc¬ 
ture. The dye plant operator classifies dyes according to the 
method of application. 

In the following classification (based on chemical structure), 
only a few of the more frequently used classes will be discussed. 
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Nitro dyes. Picric acid is an example of this group. It gives 
a pure yellow color to wool and other protein compounds. It 
is not used widely now since it lias been replaced by other dyes 
that give more desirable shades of yellow. 

The disodium and the dipotassium salts of naphthol-yeUoiv-S 
are used as yellow coloring for foods, drugs, and cosmetics. 
Naphthol-yellow-S also is used for d^^eing wool and silk. 


on 




N(),. 


NO, 


N aphthol-yellow- S 

(2,4-dinitro-] -naphthol-7-sulfonic acid) 

Azo dyes. This class of dyestuffs is synthesized by the 
coupling of a diazotized primary amine with an amine, phenol, 
or naphthol. There are more representatives of the azo type of 
dyes than of any other class of dyestuffs. One of these is butte?' 
yellow, which is prepared by cou])ling diazotized aniline with 
dimethylaniline. 

Butter yellow 

This dye has been shown to produce cancer in experimental ani¬ 
mals. Contrary to a widely held belief, this dye is not per¬ 
mitted to be used in foods, drugs, or cosmetics. Butter yellow 
is used sometimes as an indicator in the titration of gastric con¬ 
tents to determine the concentration of free hydrochloric acid. 

Bisnvarck brown is prepared by the diazotization of both of 
the amino groups of m-phenylenediamine, followed by coupling 
with two other molecules of the undiazotized compound. It im¬ 
parts a dark brown color to silk and wool, and to cotton as well 
if a mordant is used. Both butter yellow and Bismarck brown 
are basic azo dyes. 

Methyl orange is an example of an acidic azo dye. The prep¬ 
aration of methyl orange will be given in detail, since it is 
typical of the preparation of the azo dyes. Methyl orange is a 
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valuable indicator for the titration of acids and bases, but it is 
not used ordinarily for dyeing fabrics. 

For the preparation of methyl orange, or the sodium salt of * 
4«dimethylamino-azobenzenc-4-sulfonic acid, sulfanilic acid is 
diazotized and coupled with dimethylaniline. As the procedure 
is carried out, the sulfanilic acid is dissolved in sodium carbonate 
solution, and the required quantity of sodium nitrite is added as 
a 10 per cent solution. This mixture is cooled to C., and hydro¬ 
chloric acid is added slowly with stirring. To this cold solution, 
dimethylaniline dissolved in hydrochloric acid is added. When 
the coupling reaction is completed, red crystals separale. This 


NaO, 




NH„ 


Sodium Halt of 
sulfanilic acid 
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HNO, 


HCl 
ir C. 




< 



-N- Cl 


HO,.S<^ ^N--N- 




HO,S^ 


\. 


:N< 






Hcli Jin thin 

Methyl orange 


dye is known as helianthin. Its sodium salt, formed by the 
action of sodium hydroxide, is methyl orange. 

p-Naphthol orunge, also named orange 11, is one of the very 
common dyes. In this case sulfanilic acid is diazotized and the 
product is coupled with /?-naphthol. This dye is much used in 
acid solution to dye wool. 

OH 


HO 


<z 


-N -N - 


I 

<: 


\_ 

/3-Naphtfa.ol orange 

(orange II) 
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/ 

\ 
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If a-naphthol is used instead of )9-naphthol, orange I is 
formed. These orange dyes are acid azo dyes. Nearly always 
the sulfonic acid group, -SOgH, is the acid group in the acid azo 
dyes. 

There are a large number of other azo dyes, but the ex¬ 
amples cited are typical of the class. By varying the groups 
in the compounds that are coupled, a number of dyes of differ¬ 
ent shades and hues can be prepared. 

Triphenylmethane dyes. The dyes of this group are known 
as triphenylmethane dyes, because they are related in structure 
to triphenylmethane. Actually, however, they are not made 
directly from triphenylmethane. 

Malachite green is one of the simpler members of this class. 
It is synthesized by heating dimethylaniline with benzaldehyde 
in the presence of anhydrous zinc chloride. The resulting 
product is known as leucomalachite green. The prefix leuco is 
used to indicate that the compound is the colorless form of the 
dye. The leuco base is converted to the green dye by oxidation 
with lead dioxide in acid solution. 

(CH3),N<^ ^ H Or=C_anhydrous 

i ZnCl.“' 

(CH,),N<^ \/ ^ 

Dimethylaniline Benzaldehyde 



Malachite green 
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Malachite green dyes wool, silk, and leather a blue-green 
color. Cotton is dyed a deep, rich green, but a mordant, such 
as a combination of tannic acid and tartar emetic, is necessary. 
Malachite green is used also as a food dye. 

Gentian violet is the most extensively used of the triphenyl- 
methane dyes. Its chemical structure is identical with malachite 
green except that a (CHg)2N group is added at the point of the 
asterisk in the foregoing formula. It has a low toxicity and 
penetrates tissues readily. It is used against staphylococcus 
infections (boils), as an antiseptic for infected wounds, as a 
vermifuge, and in the treatment of certain infections of mucous 
membranes. 

Puchsinc, or magenta, was one of the first triphenylmethane 
dyes to be synthesized. Puchsine was given its name because its 
color resembles that of the petals of fuchsia. The French 
named it magenta after the battle of that name. It dissolves in 
water to give a deep red color. A solution of fuchsine dyes silk 
and wool directly but with cotton it^is necessary to use a 
mordant, such as tannin or potassium hydrogen tartrate. 
Puchsine is not widely used as a dye for textiles, because the 
red colors obtained are not fast to light. Fuchsine is used 
chiefly for the preparation of other dyes, such as aniline blue, 
that are closely related to it in structure. Some bacterial stains 
contain fuchsine. It will be remembered that a solution of 
fuchsine decolorized with sulfur dioxide is used as a reagent 
to test for the presence of aldehydes. 


CH, 



Methyl violet also belongs to the triphenylmethane class of 
dyes. It is prepared by oxidizing dimethylaniline with copper 
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sulfate ill the presence oF phenol. The structural formula as¬ 
signed to this dye is: 


HN—/ 

I 

CH, 



/\ 


<;h. 


\_ 
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-N 
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CH., 


\/ 


Cl—N(CH.), 
Methyl violet 


The student should note the similarity in structure between 
methyl violet and fuchsine. Methyl violet, which is penta- 
methyl parafuchsine, gives a violet solution, whereas a solution 
of fuchsine is deep red. If the methyl groups in methyl violet 
are replaced by phenyl or naphthyl groups, the dye has a pure 
blue color in solution. A particular example of the substitution 
of phenyl groups is kuphenyl parafuchsine (aniline blue), 
which has practically no red hue. Hence it can be seen that 
changes in the groups attached to the same nucleus will change 
the color of the dye. Smaller changes in the structure of a dye 
may give different shades of the same color. 

Methyl violet dyes wool and silk directly, and dyes cotton 
that has been mordanted with tannic acid and tartar emetic. 
The dye is used in^ the manufacture of indelible inks, inks for 
stamp pads, lithographic inks, carbon paper, typewriter rib¬ 
bons, and as an indicator. 

Anthraquinone dyes. The most familiar member of this 
group is alizarin. If is found as the glucoside, ruberythric acid, 
in the root of madder, a shrub formerly widely cultivated in 
Prance. The Persians, Egyptians, and Hindus prepared this 
dye from madder root in ancient times. The development of 
the synthetic dye, manufactured by the process developed by 
Graebe and Liebermann, and by Perkin, soon drove the natural 
product from the market. The starting material for the manu¬ 
facture of alizarin is anthraquinone. This is sulfonated at 
160® C. to give the ^-sulfonic acid derivative. 
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O 


Alizarin 


4- H 2 O 


Alizarin is obtained by heating the sulfonic acid in an autoclave 
with sodium hydroxide and an oxidizing agent, such as sodium 
nitrate or sodium chlorate. This treatment replaces the sul¬ 
fonic acid group with the hydroxyl group, and oxidizes the 
alpha hydrogen of the benzene nucleus to an hydroxyl group. 
The process yields the sodium salt of the dye, from which the 
free dye can be obtained by the addition of a strong acid. 

Alizarin is only slightly soluble in water, but it dissolves read¬ 
ily in alkalies and in alcohol. It is a typical mordant dye, and 
special treatment of the fabric to be dyed is necessary to obtain 
satisfactory results. In spite of these requirements for its suc¬ 
cessful use, alizarin was used in ancient times. In the dyeing 
of cotton, the fabric or yarn is impregnated with Turkey red oiL 
which is made by treating castor oil with concentrated sulfuric 
acid, followed by neutralization of the resulting product. After 
this treatment the cotton is dried and placed in a bath of 
aluminum sulfate or acetate. This results in the formation of 
aluminum salts of the sulfated fatty acids in tlio castor oil. 
In order to make these salts completely insoluble, the fabric is 
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drawn through a vat containing chalk. The dyeing process is 
completed by passing the fabric through a bath of alizarin to 
which some tannin has been added. In this way the brilliant 
red color, known as Turkey red, is obtained. The color thus 
produced is especially fast to light and laundering, which 
accounts for the commercial value of alizarin as a dye. 

Aluminum mordants usually are used with alizarin, but other 
metals can be employed. When iron compounds are used as 
mordants, various violet colors are obtained. With chromium 
salts brownish-red tones result. In dyeing wool and silk with 
alizarin, metallic mordants also are used. 

Phthalein dyes. The phthalein dyes are made by a reaction 
between phthalic anhydride and a phenol. Phenolphthalein is 
a prominent member of this group. It is synthesized by heating 
phthalic anhydride and phenol. The hydrogens para to the 
hydroxy groups in the two phenol molecules split out water 
with the oxygen of one of the carbonyl groups of the phthalic 
anhydride. 





Phthalic Phenol Phenolphthalein 

anhydride 


The resulting compound is a white crystalline solid that is 
soluble in alcohol, but almost insoluble in water. When this 
compound, known as the acid form, is treated with a base, a re¬ 
arrangement takes place in which a quinoid structure is formed. 
The resulting salt has a bright purplish-red color. The addition 
of acid reverses the reaction, and the colorless form is obtained 
again. 
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alkali 


acid 
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iNa 

O 




-ONa 


Colorless form 
(in acid) 


Red quinoid form 
(in NaOH) 


Phenolphthalein undergoes this molecular rearrangement with 
only a slight change in hydrogen and hydroxyl-ion concentra¬ 
tion, and it is widely used as an indicator for the titration of 
acids and bases. This color change of phenolphthalein is an 
illustration of the theory of indicators; that is, the color change 
of an indicator is due to changes in structure. The colorless 
lactone form results on acidification, while in alkaline solution 
the lactone ring immediately opens and a salt forms. The salt 
possesses a quinoid structure and is the colored form. This 
change in structure takes place very rapidly, and within a 
change of hydrogen-ion concentration of two pH units. A num¬ 
ber of organic compounds possess different structures and colors 
at different hydrogen-ion concentrations, but unless this change 
takes place rapidly and over a small range of pH, the substance 
cannot be used as an indicator. 

Phenolphthalein is not used as a dye. It is the active com¬ 
ponent in many laxatives, such as Peen-a-mint, Ex-lax, Pheno- 
lax, etc. 

(Br) Br 

NaO 
Br 


Eosin 

By heating resorcinol with phtbalic anhydride in the pres¬ 
ence of anhydrous zinc chloride, a dye known as fluorescein is 
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obtained. This dye has a brilliant yellowish-green fluores¬ 
cence. It has a remarkably high tinctorial power, and, be¬ 
cause of this property, fluorescein was used to locate leaks in 
the pipe line laid under tlie English channel to supply the 
Allies in Normandy with gasoline and other petroleum products 
during World War II. 

The sodium or potassium salt of tetrabromofluoi'escein is 
eosin, an important dye. Eosin derives its name from the Greek 
word for dawn, tlie color of the dye resembling the color of 
the sky at dawn. Eosin is used to dye silk and wool a fluores¬ 
cent rose color. It is used also for dyeing paper, in the manu¬ 
facture of red ink, and for staining biological material. 

Mercurochrome, an antiseptic, is a mercury derivative of 
eosin in which one of the bromine atoms (circled by broken 
lines in the foregoing formula) is replaced by an hydroxy mer¬ 
cury group, -HgOH. 

Azine dyes. These dyes also are called phenazine dyes or 
phenylphenazonium dyes. They usually have a high molecular 
weight, and the intermediate steps in their preparation are in¬ 
volved and somewhat obscure. Mauve, or mauveine, is a member 
of this class of dyes. It has been mentioned already as the first 
synthetic dye discovered by Perkin, and the one that led to the 
rapid development of the synthesis of other dyes. The result 
obtained by Perkin was due to the toluidines that were present 
as impurities in the aniline. Later, mauve was manufactured 
by the oxidation of a mixture of aniline and the toluidines with 
dichromate in acid solution. Its structure can be represented 
as follows: 


o6 

CHb 

Mauve 

(Mauveine) 
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Safranine and aniline black are two other members of this 
group. Some idea of the size of the molecule of aniline black can 
be gained from the fact that it contains eleven aniline residues 
joined in such a manner that there are three azine groups, in 
addition to primary and secondary amino groups. 

Methylene blue is a thiazine dye, so named because a sulfur 
atom has replaced nitrogen in the azine nucleus. It is prepared 
from dimethyl-p-phenylenediamine, dirnethylaniline, and sodium 
thiosulfate. Upon tlie oxidation of the product obtained by the 
reaction of these substances, methylene blue is formed. 

Cl 

N.CHa)* 

A/ 

Mf'thylone blue 

Methylene blue is used extensively in dyeing cotton that has been 
mordanted with tannic acid. It does not dye wool readily, but 
is used for silk. Methylene blue is much used as a stain for 
bacteria, nerve tissue, and other biological material. 

Classification of the Dyes According to Their Method of Ap¬ 
plication. — Direct or substantive dyes. Wool and silk are dyed 
directly by a large number of dyes. This is possible since wool 
and silk both are protein materials and contain amino and 
carboxyl groups in their structure. These groups can form salts 
with the acid or basic dyes. Cotton and the rayons, except 
cellulose acetate, contain free hydroxyl groups that are weakly 
acidic and are unable to form salts with the dyes. For some 
reason, as yet unknown, one class of dyestuffs, the members of 
which are derivatives of benzidine, will dye cotton directly. 
Benzidine is made from hydrazobenzene. When hydrazobenzene 
is treated with concentrated mineral acid, an unusual rearrange¬ 
ment takes place. It is almost like turning the molecule inside 
out. 

Hydrazobenzene Benzidine 
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Both of the amino groups in benzidine can be diazotized. The 
process is known as tetrazotization. The tetrazotized compound, 
like the ordinary diazotized* compounds, can be coupled with 
amino compounds or phenolic substances. Congo red is a typical 
benzidine dye. In its preparation benzidine is tetrazotized and 
coupled with naphthionic acid. 


NH, 



Congo red is used as an indicator. It is one of tlie simplest 
members of the direct dyes. 

The dyes that are sold for use in the home almost without ex¬ 
ception are direct dyes that can be used directly for cotton as 
well as for wool and silk. 

Adjective or mordant dyes. As was mentioned earlier, there 
are only a few direct cotton dyes. In order to use other dyes, it 
is necessary to treat the cloth with a substance known as a 
mordant, which will unite with the fiber on one hand and with 
the dye on the other. There are two types of mordants, the basic 
and the acidic. The basic mordants are used with acid dyes such 
as alizarin. For the application of this type of dye, the cloth 
or yarn is soaked in solutions of easily hydrolyzable salts. The 
salts commonly employed are the iron, aluminum, and chromium 
salts of the organic acids. After the textile material is soaked 
in one of these solutions, it is treated with steam, which converts 
the salt to the hydroxide or basic salt. The basic material thus 
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formed is in a finely divided or colloidal state, and becomes 
firmly attached to the fiber. The mordanted fiber now is passed 
into a solution of the dye, which can combine with the metallic 
salt to form the complex, insoluble colored compound known as 
a lake. This color lake remains firmly attached to the fiber, and 
the dye is said to be ^^fast.’’ 

If a basic dye is to be used, an acid mordant first must be ap¬ 
plied to the cotton fiber. This is accomplished by treat inf? the 
fiber or material with tannic acid, which then is fixed in an in¬ 
soluble form by treatment with tartar emetic. Antimony tannate 
thus is precipitated on the fiber. The fiber and the dye have op¬ 
posite electrical charges; thus the dye is attracted to the fiber 
and an insoluble compound is formed. 

When basic mordants are used, the ionization of the hydroxyl 
group leaves a positive charge on the fiber. The colloidal dye 
having a negative charge thus is attracted to the fiber. Mordants 
are used mainly in the dyeing of cotton. 

Ingrain or developed dyes. The dyes of this group are applied 
to cotton by forming the dye in the textile fiber. The formation 
of para red will be used as an example of this type of dye. The 
yarn or cloth first is soaked in an alkaline solution of ^-naphthol, 
after which it is passed through a solutibn of diazotized p-nitro- 
aniline. A bright red dye is developed directly in the fibers. The 
reverse process, in which the cloth is treated with a dye contain¬ 
ing a primary amino group, also can be used. The textile mate¬ 
rial then is passed through a cold dilute solution of nitrous acid, 
which diazotizes the amino group of the dye. The cloth next is 
passed into an alkaline solution of an amine or a phenol, and 
coupling takes place to form the dye in the fiber. Dyes produced 
in this manner are very fast and are much used on cotton mate¬ 
rials. 

Vat dyes. Vat dyes are insoluble in water and in dilute acids 
and alkalies. In order for the dyes to be applied to a fabric, they 
must be reduced to phenolic compounds, which will form soluble 
salts. The reduced compounds, termed leuco bases, usually are 
colorless, or very much lighter in color than the dye. The fabric 
that has been impregnated with the leuco base is dried in air. 
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During the drying, the dye is oxidized back to the very insoluble 
form. The members of this class of dyes are known as vat dyes, 
since the reduction to the soluble form often is done in large vats. 
Vat dyes are used widely, because they are fast to washing, and 
are very stable to the effects of light. Another advantage of the 
vat dyes is that they can be used on both vegetable and animal 
fibers without a mordant. 

Indigo is by far the most important of the vat dyes. It has 
been estimated that over a thousand different dyes are produced 
commercially, but indigo leads them all in the quantity produced. 
It was one of the dyes known to the ancients. It was used as 
early as 1600 b.c. Mummies of the Eighteenth Dynasty have 
been found in wrappings dyed with indigo. Indigo was obtained 
from species of Indigofera, which were native to tropical coun¬ 
tries. The indigo is present in these plants as the glucoside, in¬ 
dican. The macerated indigo plants were placed in large vals 
where they were allowed to ferment. The colorless form of 
indigo was liberated by an enzyme during the fermentation. 
Vigorous stirring of the mass oxidized the colorless form to 
indigo, which rose to the top of the tanks as a blue scum. In 
1897 there were about one million acres devoted to the growing 
of indigo plants. The crop had an annual value of about 
$20,000,000. By 1914 the value of the crop had dropped to 
$300,000. The reason for this decrease was the commercial pro¬ 
duction of synthetic indigo. 

The brilliant researches of Adolf von Baeyer and his collabora¬ 
tors first established the structure of indigo. It soon was dis¬ 
covered that indoxyl gives indigo when it is oxidized, so that the 
manufacture of the dye was dependent on a commercially feasible 
method for synthesizing indoxyl. Baeyer was the first to syn¬ 
thesize indigo, but his synthesis is not practical as an industrial 
method. He devised two later methods for the synthesis of 
indigo, both of which were used for a time for the industrial 
production of the dye, but they failed to be profitable. 

There are several methods in use at the present time for the 
production of indigo. The one that we shall describe is due 
m^uly to the work of Heumann. This method was selected since 
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it is the simplest and serves to illustrate the structure of indoxyl. 
In this synthesis, aniline is the starting material. Aniline is 
Jiiade to react with moiiochloroaeetic acid to yield phenylglycine. 
This product is fused witli alkali in the presence of soda amide to 
give indoxyl. The method was not successful until the discovery 
of soda amide as a condensing agent. Without soda amide the 
temperature required was very high, and the yields were low. 
The mass resulting from the fusion is diluted with water, and air 
is blown through the alkaline mixture. The indigo that is formed 
precipitates and is washed on a filter. Tlie steps in this synthesis 
are shown by the following ecpiations. 




Indoxyl 



Indigo blue Indigd white 

Indigo is reduced to indigo white with sodium hyposulfite 
(Na 2 S 204 ), often called sodium hydrosulfite or sodium bithionate. 
The fiber is immersed in the leuco base until it is thoroughly 
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impregnated with the dye. On exposure to air indigo white is 
oxidized to the very insoluble indigo blue, which is fixed firmly to 
the fiber. 

Considerable quantities of indigo also are used for the prepara¬ 
tion of derivatives. One derivative, 6,6'-dibromoindigo, has been 
shown to be the same as Tyrian purple, the dye used by the 
ancients to secure the royal purple color. It was obtained in 
ancient times from a snail-like shellfish, Murex brandaris, which 
was abundant in the water of the Mediterranean near Tyre. The 
Phoenician merchants, who knew how to extract the dye from the 
mollusks, made their fortunes from it. In modern times the 
chemical structure of Tyrian purple was established by an in¬ 
vestigation of the substance obtained from the shellfish. Over 
1,200 specimens yielded only 1.4 grams of the pure substance. 
Careful analysis and chemical reactions demonstrated that the 
substance was 6,6'-dibromoindigo. This substance, which was so 
highly prized over 2,000 years ago, is not manufactured now, for 
similar colors can be produced more cheaply from other deriva¬ 
tives of indigo. 

Study Questions 

1. How is aniline prepared commercially? 

2. What are several uses of acetanilide? Write the formula for this com¬ 
pound. 

3. What is the formula for sulfanilamide? Outline briefly the important 
steps in the discovery of the effectiveness of this drug. 

4. Name four or five derivatives of sulfanilamide and state what diseases 
they have been most successful in combating. 

5. What is the name of the product resulting from the oxidation of aniline 
by sulfuric acid and sodium dichromate? 

6. In what respects does vulcanized rubber differ from the raw rubber? 
What role do ‘‘accelerators^^ play in the vulcanization process? Name 
several of these materials. 

7. What is the function of a “boosterin military explosives? Name a 
compound that is employed for this purpose. 

8. What are the toluidines? The xylidines? Write formulas of com¬ 
pounds belonging to these two classes. 

9. In what respect is the phenylene radical similar to the methylene 
radical? 

10. What are the physiological effects of benzedrine sulfate? Why is it 
dangerous for students to use this drug indiscriminately? 



AROMATIC AMINES AND DYES 


505 


11. Compare the reaction of primary aromatic amines and nitrous acid with 
the same acid and primary aliphatic amines. Why must diazotization 
reactions be carried out at a low temperature? 

12. How does the reaction of tertiary amines with nitrous acid differ 
from the reaction of tertiary aliphatic amines with the same acid? 

13. Write the equation for the preparation of benzenediazonium chloride 
from aniline hydrochloride. In what respects do the diazonium salts 
resemble the ammonium or quaternary ammonium salts? 

14. Cite examples of some of the replacement reactions that diazonium 
compounds undergo. 

15. Starting with benzene, write a series of equations for the synthesis of 
m-dichlorobenzene. 

16. Write formulas for the two tautomeric forms of benzenediazonium 
hydroxide. 

17. What type of nitrogen linkage is involved in coupling reactions? What 
is the valence of nitrogen in such reactions? 

18. Write the equation for the coupling of benzenediazo chloride with 
aniline. 

19. Name three arainophenols that are used as photographic developers. 
Explain the process involved in the formation of a photographic film. 

20. What is a working definition of dyes? 

21. Describe the synthesis of the first dye. 

22. What is a chromophore group? A color lake? An auxochrome group? 
List examples of typical chromophore groups. 

23. What are two possible methods of classifying dyes? 

24. List at least one member of each of the following classes of dyes and 
designate the chromophore group in each instance: Nitro dyes, azo 
dyes, triphenylmethane dyes, anthraquinone dyes, phthalein dyes, and 
azine dyes. 

25. Describe the dyeing of cotton with Turkey red. 

26. What characteristics must a dye possess before it becomes useful as 
an indicator? 

27. Why are wool and silk fabrics dyed more easily with direct dyes than 
are cotton or rayon fabrics? 

28. What mordants commonly are used with acid dyes? With basic dyes? 

29. What is meant by the term leuoo hose? 

30. How are ingrain dyes applied to textile materials? 

31. What is an example of a vat dye? Describe the process of vat dyeing. 

32. Write equations for the synthesis of indigo. 
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CHAPTER XIX 

HKTERO(JYC[ilC COMPOUNDS 


Introduction. —Most of the cyclic compounds studied thus 
far have contained only carbon atoms in the ring. These com¬ 
pounds often are called Tiomocyclic or carbocyclic compounds. 
The class of compounds to be considered now contain atoms 
other than carbon in the ring structure, and are termed heiero- 
cyclic compounds. The prefix heiero is derived from the Greek 
word meaning other or different. 

The lactones and the anhydrides of the acids could be con¬ 
sidered as heterocyclic compounds. However, they are con¬ 
sidered usually with the aliphatic or open-chain compounds to 
which they are related, since they are easily formed from, or 
converted to, these compounds. Another reason for considering 
the lactones and the anhydrides with the aliphatic compounds 
is that they are comparatively reactive, the ring structure be¬ 
ing broken easily by hydrolysis; whereas the heterocyclic com- 
])oinuls to b(‘ (M)i)si(lci-e(i now, I'cscmble the aromatic compounds 
in that their ring structure is very stable. 

In the more common heterocyclic compounds the hetero atom 
is oxygen, sulfur, or nitrogen. In some cases phosphorus or 
selenium may act as the noncarbon atom in forming the ring. 
The more important heterocyclic compounds contain five- or 
six-membered rings, or contain these rings condensed with a 
benzene ring. 


Heterocyclic Compounds With Pive-Membered Rings 

Furane. —The heterocyclic compound containing oxygen 
and four carbon atoms in the ring is known as furane. It is 



H(!-PH 

II !l 

OH F ('(), 



Furane* 


•^The system of writing the heterocyclic formulaiS in this chapter will be 
to place the hetero atom at the bottom. This is a widely used practice at 
the present time, although, in some textbooks and literature, this position 
is reversed, and the hetero atom is written at the top or even to the side. 
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obtained commercially by the oxidation of furfural to furoic 
acid and the decarboxylation of this compound to form furane. 
The furane then can be reduced in the presence of a nickel 
catalyst to tetrahydrofurane. This cyclic ether is an excellent 
solvent for use in Grignard reactions. On treatment with con¬ 
centrated hydro<*hloric acid in the presence of zinc chloride, 
tetrahydrofurane yields 1,4-dichlorobutane. This compound, 
if treated with sodium cyanide and the product reduced, forms 
hexamethylenediamine. This diamine when condensed with 
adipic acid and polymerized yields one type of nylon. The 
series of reactions involved can be illustrated as follows: 

HjC-CHj HCl NaCN 

I 1-> ci(CH,),ci-> (:n(CH 2 ),cn 

HjC CH, 



Tetrahydrofurane 1,4 Dichlorobutane Adiponitrile 



i/ 

NH,(CHOoNH, 

Hexamethylenediamine 

^Since furfural can be ol)tained from corncobs, these equations 
give the basis for the report that nylon may be made from corn¬ 
cobs. 

The formation of furfural by heating pentoses with 12 per 
cent hydrochloric acid already has been discussed (see page 
318). 

Thiophene. —The sulfur analogue of furane is a compound 
called thiophene. It occurs along with benzene in coal tar. The 
boiling point of thiophene is 84® C., whereas that of benzene is 
80.4® C.; hence it is difficult to separate the two compounds by 
fractional distillation, and commercial benzene always contains 
traces of thiophene. The separation of thiophene from benzene 
depends upon the fact that thiophene sulfonates more readily 
than does benzene. When crude benzene is shaken with con¬ 
centrated sulfuric acid, thiophene sulfonic acid is formed, and 
dissolves in the sulfuric acid layer. 
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HC-CH 


HC CH 

\ / 

S 

Thiophene 


In its chemical reactions thiophene resembles the aromatic 
compounds much more closely than it does the aliphatic com¬ 
pounds. The aromatic character of thiophene is shown by the 
fact that chlorination results in substitution, rather than in ad¬ 
dition, and monochloro-, dichloro-, and tetrachloro- derivatives 
are formed. The nitration of thiophene is more difficult than 
the nitration of benzene. 

Thiazole. —A heterocyclic compound containing both nitrogen 
and sulfur in a 5-membered ring is thiazole. Both sulfathiazole 
and vitamin (see page 710) contain the thiazole ring in 
their structure. 

HC-N 

V 

Thiazole 


Penicillin is another compound containing a thiazole ring. 
The discovery of penicillin was the most spectacular step in 
modern medicine since the development of the sulfa drugs. 
Penicillin has proved its effectiveness against a number of dis¬ 
eases that do not yield to sulfa therapy. In addition, penicillin 
has the important advantage over the sulfa drugs in that it is 
not frequently attended by toxic symptoms. 

Penicillin-G, or benzylpenicillin, at present is the most 
widely used of the various types of known penicillins. The 
synthesis on a microscopic scale of this compound was an¬ 
nounced in 1946. Its structural formula is thought to be: 


CO—NH—CH- 


S 

/ \ /CH. 
-CH C. 

I I \CH, 

-N-CH—COOH 


Penicillin-G^ 


•Commercial products are usually the salts of this compound. The free 
acid is quite unstable* 
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TJie structures of the other types of penicillin, such as 
penicillin X, K, and F, differ in the groups attached to the 
heterocyclic nucleus. Some have been shown to have greater 
medical effectiveness than penicillin-d, but in most eases their 
increased cost more than offsets their usefulness. 

The recent announcement of the develo])ment of procaine 
penicillin (a combination of procaine with a penicillin) in a mix¬ 
ture of aluminum stearate and oil helps to solve one of the most 
vexing problems of penicillin therapy—that of maintaining a 
satisfactory blood level of the compound over an extended period 
of time. Because the ordinary forms of penicillin are so soluble, 
they are rapidly excreted by the kidneys. A few years ago, wlien 
the drug was rare and very expensive, it often was recovered 
from the urine of patients receiving it. Procaine penicillin is 
sparingly soluble so that higher blood levels can be maintained 
over a much longer period of time with smaller and less frecpient 
doses of the antibiotic. 

Other irieans have been used for combating this difti('ulty in 
penicillin tJierapy. Tlie drug has been administei*(‘d in ))oeswax 
and oil vehicles with some success, but local reactions are apt 
to oc(mr because of the wax. The simultaneous administration 
of the drug caronamide has been found effective in enhancing 
blood levels of penicillin. This drug, which has the Following 
formula, suppre.sses the excretion of ])enicillin by the renal 
tubules and thus acts to increase eff'ectively the blood level of 
penicillin. 




-SCLNH 



(X)()H 


Ca r 0 n j I n I i (I e (S t a t i c i n) 


Oiuginally, sodium penicillin was available commercially only 
in an amorphous state, which is relatively unstable unless re¬ 
frigerated. Most of the drug on the market now is in the more 
stable crystalline form. Tlie exact methods for crystallization 
are commercial processes that have not been revealed. About 
75 per cent of the j)otency of amorphous j)enicillin is lost in 
eight days at a temperature of 60*^ (". On the other hand, un¬ 
der the same conditions crystalline penicillin loses only 3 per 
cent of its activity. 
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Pyrrole. —The five-membered heterocyclic ring containing one 
nitrogen atom is known as pyrrole. 

(’ll 

II II 

IK’ (If 

\ 

N 

H 

t^yrrole 

This nitrogen analogue ol furanc and thiophene occurs to a 
slight extent in coal tar, and more abundantly in bone oil 
(Dippel’s oil), which is obtained by the distillation of bones 
from whicli the fat has not been removed. The residue is used 
for the preparation of bone charcoal. 

Pyrrole is important since many natural products are com¬ 
plex derivatives of it. Important biological substances that 
contain pyrrole rings in their structure are hemoglobin, the 
coloring matter of blood; chlorophyll, the green pigment of 
plants; and biliruliin, the principal pigment of bile. 

Pyrrole is a colorles.s liquid that turns brown on standing. 
It boils at 131® C., and is only slightly soluble in water; how¬ 
ever, it is soluble in alcohol and ether. If a pine wood splint 
moistened in hydrochloric acid is held in the vapors of pyrrole, 
a fiery red color is formed. This is a characteristic reaction of 
pyrrole, and is used for detecting the presence of the compound 
in unknown solutions. The word pyrrole derived from Greek 
and Latin words meaning “fi(u*y red.’’ 

Chemically, pyrrole resembles the aromatic compounds. Al¬ 
though the formula is written with ethylenic double bonds, 
pyrrole reacts with halogens to form substitution products. 
The tetraiodo substitution product is known as iodol. 


IC-Cl 


IC 


01 




N 

H 

Iodol 


Iodol resembles iodoform in its reactions, but it is odorless and 
nonirritating. 
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Pyrrole is very sensitive toward mineral acids, forming poly¬ 
merization products. It can be reduced by the action of zinc 
and hydrochloric acid to pyrroline, in which one of the double 


HC CH 

Zn H,C CH 

11 11 

-^ 1 IL 

HO CH 

HCl H,C CH 

\ / 

N 

V 

H 

H 

Pyrrole 

Pyrroline 


(H) 

- > 

Ni 


FT -CH 



H 


pyrrolidine 


bonds has been reduced. This compound can be hydrogenated 
further to the saturated compound, pyrrolidine, by the action 
of hydrogen in the presence of nickel. 

The alkaloid, nicotine, and the amino acids, proline and hy- 
droxyproline, are derivatives of pyrrolidine. 

Chlorophyll. —Chlorophyll is the organic catalyst in photo¬ 
synthesis, the reaction by means of which plants in the presence 
of radiant energy are able to synthesize sugars from carbon 
dioxide and water. Our knowledge of the structure of chloro¬ 
phyll is due to a number of investigators, prominent among 
whom are Conant, Willstatter, Stoll, and Hans Fischer. The 
structure of chlorophyll a proposed by H. Fischer is: 



\ 


O— 


Chlorophyll a 


A comparison of this formula with the structure asmgned to the 
prosthetic group of hemoglobin (see page 590) will show strik- 
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ing similarities. (The functions of hemoglobin are discussed 
in Chapter XXIII.) Reference to the structural formula of bili¬ 
rubin (page 657) will show tlie presence of the same nucleus 
of four substituted pyrrole rings. 

Imidazole. —Another heterocyclic compound containing a 
5-membered ring is imidazole. Histidine and histamine (see 
pages 555 and 646) contain this lieterocyclic structure in theii- 
Formula. 

HC-NH 



Heterocyclic Compounds With Six-Membered Rings 

Pyridine, CgHjN.— Pyridine can be thought of as benzene 
in which a CH group has been replaced by a nitrogen atom. 


A 

II I 

IK^ OH 

\ 

N 


The numbering and the positions in the rings are indicated by 
the numbers and letters. This heterocyclic nitrogen compound 
occurs in the light oil fraction of coal tar. It has been estimated 
that from 100,000 to 200,000 gallons of pyridine are available 
from the amount of coal tar distilled annually in the United 
States. It also occurs in California petroleum, in DippePs oil, 
and in small amounts in tobacco smoke. 

Pyridine is a colorless liquid when it is pure. It boils at 
115® C., and is soluble in both water and organic solvents. It 
has a characteristic putrid, nauseating odor, which explains its 
use in denaturing alcohol. 

Chemical Properties of Pyridine. —The most characteristic 
chemical property of pyridine is its stability. It is unaffected 
by chromic acid (HgSO^ + Na 2 Cr 207 ), boiling nitric acid, or 
potassium permanganate. This explains why oxidation of 
organic compounds with potassium permanganate often is 
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carried out in pyridine; it is a solvent for many organic com¬ 
pounds and is stable in the presence of the oxidizing agent. 
The stability of pyridine explains its presence as one of the 
decomposition products when many nitrogenous compounds 
are subjected to destructive distillation, oxidation, or other 
decomposition reactions. 

The aromatic character of pyridine is illustrated by the 
formation of sulfonic acid derivatives and halogen substitu¬ 
tion products, but sulfonation only takes place at about 300° 
C., and halogen-substituted products are formed with difficulty. 
Under ordinary conditions, nitration does not take place. 

Alkyl side chains on the pyridine ring can be oxidized to 
carboxyl groups. This is similar to the behavior of the alkyl 
derivatives of benzene. The methyl derivatives of pyridine are 
known as picolines. On oxidation, they yield the following 
pyridine-monoearboxylic acids: 


(K)OH 


/\ 

/XooOH 



\/ 

x/ 

N 

N 

N 

Pio-olinic acid 

Nicotinic acid 

Isonicotinic acid 


The pyridine-carboxylic acids often occur among the degrada¬ 
tion products of alkaloids, and their identification is important 
in determining the structure of the alkaloids. Nicotinic acid, 
3-pyridine-carboxylic acid, is the PP-factor (pellagra-preventing 
factor) in the vitamin B complex (see page 709). Another 
vitamin that is related in structure to pyridine is j)yridoxine 
(vitamin B^) (see page 715). 

Uses of Pyridine. —Pyridine protects metals against acid 
corrosion. The property is utilized in its application as an in¬ 
hibitor in the ''picklingof metals preparatory to galvanizing, 
and in the treatment of casings in oil wells before the intro¬ 
duction of acid for the purpose of releasing additional oil from 
the oil-bearing strata. Pyridine is the starting point for a 
number of chemical syntheses since it is available from coal- 
tar products. 
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Pyridine Derivatives. —Pyridine is a tertiary amine and forms 
stable salts. It also reacts with alkyl halides to form quaternary 
compounds known as pyridinium derivatives. The higher alkyl- 
pyridinium salts, such as cetylpyridinimu chloride, are being 
used as antiseptics. 




/\ 


+ VM,l 


\/ 

N 

Pyridine 


II^C—N—I 

Methyl pyridinium iodide 


On reduction with sodium and alcohol, pyridine combines 
with six atoms of liydrogcn to form piperidine. 

Piperidine was obtained first as a decomposition product of 
piperine, the alkaloid in pepper, from whence it obtained its 
name. The i)iperidinc nucleus is present in coniine, the simplest 
alkaloid (see page 529). Piperidine is a colorless liquid possess- 


H 

C 

/ \ 

HO OH 

II I 

HO (UI 

\ Z' 

N 

Pyridine 


+ 6(H) 


alcohol 

Na 


lifi OH, 

I I 

H,0 OH, 

\ / 

N 

H 

Piperidine 


ing an ammoiiiacal odor. Jt is juiseible with water, alcohol, ether, 
and benzene. In contrast to x)yridine, which is a -weak tertiary 
amine with aromatic properties, piperidine is a strong second¬ 
ary amine, and resembles the secondary aliphatic amines in 
character. It is used as an accelerator in the vulcanization of 
rubber. 


Heterocyclic Compounds With Condensed Rings 

Indole. —The heterocyclic compound whose formula cor¬ 
responds to a fusion of a benzene ring with pyrrole is known 
as i'ndole. Indole (benzopyrrole) commonly is prepared by the 
reduction of indoxyl with zinc dust and alkali. It will be re¬ 
called that indoxyl, which is 3-hydroxyindole, is the compound 
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that yields indigo blue on oxidation. Due to the importance of 
this dye, large quantities of indoxyl are available commercially. 



Indole is formed in the intestinal tract as a result of bacterial 
putrefaction of undigested protein material, and is present in 
feces. When it is absorbed from the intestinal tract, it is de¬ 
toxified in the liver and is excreted as urinary indican (formula, 
page 647). It also occurs in jasmine flower oil to the extent of 
2.5 per cent. In addition, oil of orange blossoms and other 
flower oils contain small amounts of indole. It is a crystalline 
solid, melting at 52° C. As ordinarily obtained, it possesses an 
unpleasant fecal odor. Strangely enough, when it is carefully 
purified and mixed in the desired dilution with other perfumes, 
the odor of fresh flowers is imparted to the mixture. 

Indole resembles pyrrole in its weakly basic properties, and 
it forms resins with acids. It also gives a bright red color 
when a pine splint moistened with hydrochloric acid is held in 
its vapors. 

Derivatives of indole are very widely distributed in nature. 
Skatole, /?-methylindole, is produced by the putrefaction of un¬ 
absorbed protein material in the intestines and is present in 



H 


Skatole 


It is derived from the amino acid, tryptophan, a constituent of 
proteins. Skatole is a solid that melts at 95° C. It has a power¬ 
ful, repugnant odor. 

Another derivative of indole is heteroauxin (ihdole-3-acetic 
acid), one of the plant growth hormones (see page 705). It is 
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used eoirinier(‘ially for inducing root growth on plant cuttings. 
Heteroauxin occurs in urine. Other derivatives of indole-acetic 
acid also have been found effective as growth substances. 

Quinoline (Benzopyridine). —From a structural viewpoint, 
quinoline represents the fusion of pyridine with a benzene 
ring, the union being in the a-j8-positions of the pyridine. 


H H 

C C 


/\/\ 

HC C CII 

I II I . 

HC C CH 

\ / 

C 


V 


H 

Quinoline 


Quinoline also can be considered as naphthalene in which a CH 
group in the a-positions has been re})laced by a N atom. 

Quinoline occurs in coal tar and bone oil. Usually it is pre¬ 
pared by the Skraup synthesis. This consists of heating a mix¬ 
ture of aniline, glycerol, and nitrobenzene with concentrated 
sulfuric acid. The postulated steps of the reaction in the syn¬ 
thesis are: (1) the dehydration of the glycerol to form acrolein, 
(2) the condensation of the acrolein with aniline to form 
acrolein aniline; and (3) the dehydration of this addition com¬ 
pound by nitrobenzene to yield quinoline. 


CH,OH 


CHO 

1 

H,SO, 

1 

nTTATT _ 


CH 4 2 H,0 

II 

1 


CH,OH 


I:h, 

Glycerol 


Acrolein 

H 


H 

C 


c Clio 

nd \h 
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1 

// \ \ 

HC CH CH. 

I IL 

•f CH 

1 II 1 ' 

HC C—NH. 

11 

HC c 6 h, 

\ / 

C 

CH, 

\/ ■ 

H 


H H 

Aniline 

Acrolein 

Acrolein aniline 


H,SO, 
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H 

C 


H 

C 


(3) 




/ 


\ / \ 


CH 


HC C CH.. 

\ \ ‘ 
C N 

H H 

Dihydroquinoline 


- 2(H) 


Nitrobenzene 


H H 

C C 

y \ / \ 

HC C CH 

^ Hi H in 

\ / \ / 

C N 
H 

Quinoline 


This method also has been very useful in preparing deriva¬ 
tives of quinoline. Homologucs of aniline, halogen- and nitro¬ 
gen-substitution products of aniline, as well as aminophenols, 
can be substituted for aniline in the Skraup synthesis. The 
quinoline substitution products prepared in this way contain 
the additional groups in the benzene ring rather than in the 
pyridine ring part of quinoline. If naphthylamines are used 
instead of aniline, naphthoquinolines are obtained. 

Quinoline is important since the antimalarials, quinine and 
])lasmochin (sec page 535), and the alkaloid, cinchonine, are 
derivatives of this heterocyclic compound. 

Quinoline is a colorless, oily liquid. It is almost insoluble 
in water, but is soluble in alcohol and most other organic 
solvents. It is similar to pyridine in its chemical properties. 
Like pyridine, it is a tertiary base that forms salts wuth acids 
and quaternary compounds with alkyl halides. A marked dif¬ 
ference between quinoline and pyridine is the behavior of the 
latter on oxidation. When quinoline is oxidized with potassium 
permanganate, pyridine-«-^-dicarboxylic acid (quinolinic acid) 
is obtained. 


Quinoline 


KMnO, 


COOK 

|CX)OH 




Quinolinic acid 


COOH 

+ I 

COOH 


Oxalic acid 


This reaction illustrates the stability of the pyridine ring 
since it is the benzene ring that is destroyed by the oxida¬ 
tion. It is of importance in confirming the structure of 
quinoline, since it indicates the points of union between the 
benzene and pyridine rings. 
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S-Hydroxyquinoline is used in a method for the quantitative 
determination of metals, especially aluminum. 

Isoquinoline. —If the fusion of the benzene ring with 
pyridine takes place in the j5-y-position of the pyridine 
nucleus, the compound formed is known as isoquinoline. Iso¬ 
quinoline can be viewed as naplithalene in which a CH group 
in the /^-position has ])cen replaced by a nitrogen atom. 



\/\/ 


Isoquinoline 


Isoquinoline oc(uirs along Avith quinoline in coal tar. The 
alkaloids, papaverine and codeine, are derivatives of iso¬ 
quinoline. 

Coumarin. —Coumarin is a sweet-smelling substance with 
the odor of new-mown hay. It occurs in rnelilot and the tonka 
(tonquin) bean. Industrially, it is prepared by heating salicyl- 
aldehyde with sodium acetate and acetic anhydride (Perkin 
synthesis). 


/\oH 

+ CH.COONa 
Salicylaldehyde 


acetic 
anhydride 
-> 


y\oH 


CHCOONa 

Sodium hydroxy- 
cinnamic acid 


HCl 




C—0 


I 1 OH 
\/\/ 

H 

Coumarin 


Coumarin often is one of the ingredients of artificial or imita¬ 
tion vanilla flavorings. This compound has not proved to be 
entirely satisfactory for this purpose, since it tends to give a 
harsh flavor to the mixture. It is used also for flavoring tobacco, 
and in perfumery. 
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Other Heterocyclic Compounds 

Ureides. —The reaction of urea with diearboxylie acids leads 
to the formation of compounds known as ureides. The ureide 
of oxalic acid is formed by the reaction of urea and oxalyl 
chloride. 


NH, 


NH—0=0 


/ 

C\~~-C—0 

/ 



C=0 

+ 1 


+ 

2 HCl 

\ 

Cl-~C=r() 

\ 



NH, 


NH—C=() 


Urea 

Oxalyl 

Parabanic 

acid 



chloride 

(Oxalyl urea) 



Of greater technical importance is the ureide of malonic 


acid, barbituric acid. 

Nil — CO 

jl G| 

OC2 5CH2 

I .3 4 I 

Nil — CO 
Barbituric acid 
(Malonyl urea) 


Barbituric acid is the parent substance for a number of im¬ 
portant drugs used as hypnotics. In 1903 Fischer showed that 
diethylbarbituric acid, veronal, or barbital, was an excellent 
hypnotic. Since that time, this and related compounds have 
become of great importance to the chemical and the medical 
world. Compounds in which the number 5 carbon atom of bar¬ 
bituric acid is substituted by alkyl groups of varying complexity 
are used as hypnotics, anesthetics, anticonvulsants (as in epi¬ 
lepsy, eclampsia), and preanesthetic sedatives. Given prior to 
inhalation anesthesia, they make anesthesia easier and lessen the 
amount of general anesthetic required. A few of these com¬ 
pounds are: 


NH —CO 


NH — CO 


NH~CO 


1 

1 

1 1 C.H. 

1 

1 

1 


1 '/ 

1 

1, 

c 

oc c 

OC 

c 

1 

1 

1 

1 

1 

NH — 

CO 

NH —CO 

NH- 

-C( 


CH, 


Barbital Phenobarbital Pentobarbital 

(Veronal) (Luminal) (Nembutal) 

(Diethylbarbituric (Phenylethylbarbituric (Ethyl, 2*8econdar 


acid) acid) amylbarbituric acid) 
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These compounds are only slightly soluble in water; therefore, 
their alkaline salts (Na, Mg, Ca, which are very water soluble, 
are employed in medicine. These drugs can be injected or given 
by mouth. Their effect depends on the structure of the par¬ 
ticular drug, the means of ‘administration, and the dose. In 
small doses the barbiturates, in general, act as sedatives; in in- 
lermediate size doses, as hypnotics; and in large doses, as an¬ 
esthetics. However, digestive and other disturbances sometimes 
follow their use, and research is being carried on to find substi¬ 
tutes that do not liave these disadvantages. Some thiobarbitu- 
rate comi)ounds, in which thiourea replaces urea, recently have 
been sliown to be successful as hypnotics. An example is 
])(‘ntothal, the sulfur analogue of pentobarbital. 

Pyrimidines. —Tiie cyclic structure present in barbituric 
acid and its derivatives is known as the pyrimidine nucleus. 
The simplest compound containing this nucleus is pyrimidine, 
obtained by treating barbituric acid with phosphorus oxy¬ 
chloride, followed by the reduction of the resulting trichloro- 
derivative. 


HN — CO 

Nr= 

CCl 

(1) N = CH (6) 

1 i 

POCI 3 1 

1 (H) 

J i 

OC CH, 

CIC 

CH-> 

(2) HC CH (5) 

1 1 

II 

II Zn dust 

JL IL 

HN —CO 

N — 

CCl 

(3) N —CH (4) 

Barbituric 

2,4,6-Trichloro* 

Pyrimidine 

acid 

pyrimidine 



For convenience in naming the derivatives of pyrimidine, 
the nucleus is numbered, as is shown in the foregoing formula. 

Pyrimidine is a crystalline compound that dissolves readily 
in water to give neutral solutions. Derivatives of pyrimidine 
are of physiological importance, since they occur in nucleic 
acid in cell nuclei. The pyrimidines that have been obtained 
from nucleic acid are: 


HN —CO 
oh CH 

Uracil 

(2,6-dioxypyriiiiid ine) 


HN —CO 


ol) <1-c 

HN —IxE 


Thymine 

(2,6-dioxy-5-inet liyl * 
pyrimidine) 


N = 0-~NH, 

I I 

OC CH 


I II 

HN —CH 
Cytosine 
(2-oxy-6-amino- 
pyrimidine) 
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The antineiirilie vitamin thiamin, contains a pyrimidine 
nucleus in its structure. 

Purines. —The purines occur in nucleic acids. They often 
are designated as diureides, since they contain two urea residues. 
The parent substance of this class of compounds is purine. It 
does not occur in nature, but it has been synthesized and shown 
to possess the following structural formula: 

(1) N —CH ((i) 

I 1(5)11(7) 

(L>) IKJ C —N. 

II II («) 

(3) N —C — 

(4) (9) 

Purine 


Guanine and adenine are the two purines that occur naturally 
in nucleic acids. Xanthine and hypoxanthine are derived from 
these by the action of enzymes or acids. 


HN 

I I 

H,NC C 


CO 


\ 




CH 


N —C- 
Guanine 

(2-ainiiio-6-oxypurine) 


enzyme HN — CO 

(guanase) | | 11 

-> OC C~-N\ 

I II 

IIN — C — 
Xanthine 
(2,6-dioxypurine) 


N = CNH, H 

I I / 

HC C —Ns 


iir—c—N=^ 
Adenine 
(6-aminopurine) 


CTI 


enzyme 
(adenase) 
-> 


HN~~CO 

I I H 
HC C —Nv 

II II JCH 
N —C — 


Hypoxanthine 

(6-oxypurine) 


Guanine occui*s in significant amounts in fish scales and in 
the skin of reptiles and amphibia. The cr^ystalline compound 
accounts for the shiny appearance and iridescent coloring of 
the body coverings. 

Adenine is perhaps the most widely distributed purine base* 
It is one of the compounds that participates in the chain of re¬ 
actions that occurs during muscle contraction. This process is 
discussed more fully in the chapter on carbohydrate metabolism 
(see page 611). 

Nucleic acids. Nucleic acids have been obtained from the 
nuclear material of numerous plant and animal tissues. Com- 
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bined with a basic protein, the nucleic acids are the buildinf? 
material of chromatin in all cell nuclei. Chromosomes, which 
transmit all hereditary characteristics, are derived from 
chromatin. Hence, the nucleic acids are a part of the material 
that determines such physical characteristics as height, color 
of the hair, etc., as well as mental traits and ai)titudes. 

The structure of the nucleic acids is fairly well known. Care¬ 
ful hydrolysis of a nucleic acid yields nucleotideSy each consist¬ 
ing of residues of a purine or pyrimidine base, sugar, and phos¬ 
phoric acid. Nucleic acids usually are said to contain four 
nucleotides, but a few containing a greater num])er have been 
isolated. A typical nucleic acid is represented diagrammatically 
at the })ottom of this page. 

Particular nucleotides that have been isolated and their struc¬ 
ture determined are inosinic acid, guanylic acid, and adenylic 
acid. Crystalline inosinic acid was isolated from beef extract 
in 1847 by Leibig. It is composed ofc* hyjioxarithinc, D-ribose, 
and phosphoric acid combined in the following manner: 


HN- 

I 

HC 


-CO 

I 

C ■ - N 


-O- 


\ 


N — 


CH 


-c- 


OH OH 

I I 


OH 


-c~c 

Inosinic Acid 


CH—0™P=:0 

in 


The nucleotides, guanylic acid and adenylic acid, are similar 
in structure to inosinic acid except that guanine and adenine, 
respectively, are the purine bases involved in the structure. 


Purine- 

residue 


Pyrimidine- 

residue 


Purine- 


residue 


-Kibose-^Phosphoric acid 

residue\ residue 

-Ribose-Phosphoric acid 

residue\ residue 

-Eibose-Phosphoric acid 

residue\ residue 


\ 


Pyrimidine- 

residue 


-Ribose— 

residue 


\ 


-Phosphoric acid 
residue 


Structure of a Typical Nucleic Acid 
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Nucleotides can be further hydrolyzed to give compounds 
called nucleosides, which are the combination of a purine or 
pyrimidine base with ribose or desoxyribose. The compositions 
of some of the known nucleosides are: 


Inosine contains hypoxanthine and a pentose 
Guanosine contains guanine and a pentose 
Adenosine contain adenine and a pentose 
Uridine contains uracil and a pentose 
Cytidine contains cytosine and a pentose 
Thymidine contains thymine and a pentose 


Uric acid. Uric acid is the end product of purine metabolism 
ill man and the higher apes. The normal person exci*etes about 
0.5 to one gram of it per day in the urine. In certain abnormal 
conditions, such as gout, imperfect elimination of uric acid re¬ 
sults in a deposition of insoluble salts of uric acid in the joints. 

In birds and reptiles the chief end product of all protein 
metabolism is uric acid, which is eliminated in the excreta. Ap¬ 
proximately 25 per cent of the total weight of the ^'guano 
(excretions of birds) of the South Sea Islands is ammonium 
urate; uric acid sometimes is isolated from this source. 

Uric acid, as well as the other purine and pyrimidine com¬ 
pounds, is capable of keto-enol isomerism. The enol form is able 
to form salts, which explains the solubility of uric acid in dilute 
alkalies. 


HN — CO 

I I H 

OC C —Nv 

I II ;co 

HN —C —n/ 

H 

Keto form of uric acid 


N=:COH 

I I H 

HOC C —N\ 

II II JCOH 
N —C — 

Enol form of uric acid 


A method of synthesizing uric acid that can be used also for 
the synthesis of other purines was introduced by Traube. In 
this method, urea is condensed with cyanoaeetic ester to form 
cyanoaeetyl urea. This compound is transformed by treatment 
with alkali into 4-amino-uraciL By the action of nitrous acid, 
a nitroso-amino-uracil is formed, which is easily reduced to 
4,5-diamino-uracil. Upon fusion of 4,5-diamino-uracil with 
urea, uric acid is obtained in good yield. 



hktkkocycuc compounds 


525 


NH, 

u 

I 

NH, 

Urea 

HN- 


-CO 

oi CNO 

I II 

HN —CNH, 

Nitroso-4-amino- 
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OH 


HNO, 


HN ~ CNH, 
4-Amino-uracil 


/NH, 
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HN —CO 

i I ^ 

OC C — N \ 

I I yo 

HN —C —N/ 

H 

Uric acid 


Methyl purines. The three methyl purines that we shall dis¬ 
cuss are not found as constituents of nucleic acids. They satisfy 
the definition of an alkaloid and so could be considered with the 
alkaloids, but it seems more logical to consider them with the 
other purine derivatives. Caffeine (l,3,74rimethyl-2,6-oxy- 
purine), one of the most common methylpurines, occurs to the 
extent of about 1.5 per cent in coffee. Tea may contain as much 
as 5 per cent. ^ 

u' 


-CO 

I yCH, 

C-N< 

I II ^CH 

H,CN — C — N^ 


Caffeine 

(theine) 


Caffeine is a white fiowder that is very soluble in hot water. It 
is a stimulant to the central nervous system, and a diuretic. 
The annual U. S. production of caffeine amounts to about 
1,000,000 pounds. The foremost use is in tlic jireparation of 
cola drinks. 

Theobromine (3,7*dimethy 1-2,6-dioxypurine) is present to the 
extent of about 2 per cent in cocoa and chocolate. Theobromine 
has a stimulating effect, on the body but not so great as caffeine: 
it is more effective as a diuretic. 


HN —CO 


OC C! —N 

CH,N ——N 
Theobromine 
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CH3 


CH 
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Theophylline (l,3-dimethyl-2,6-dioxypurine) is isomeric with 
theobromine. It is employed in medicine as a diuretic. 

Study Questions 

1. Why are anhydrides and lactones usually not considered with the 
heterocyclic compounds f 

2. What is the name of the five-membered ring that contains four carbon- 
atoms and an oxygen atom? 

3. What heterocyclic compound containing sulfur in the ring is a common 
contaminant of benzene? How can it be removed? 

4. Describe a chemical test for delecting the presence of pyrrole in an un¬ 
known solution. 

5. By means of an equation, show the progressive reduction of pyrrole. 

G. What are some important chemical compounds that contain pyrrole 

rings in their structure? 

7. What is the name of the heterocyclic compound having the same formula 
as benzene except that a nitrogen atom replaces a CH group? 

8. Write the formula for nicolinic acid. What i.s tlio chemical name for 
this compound? What is its importance? 

9. What is the name of the completely saturated (hydrogenated) derivative 
of pyridine? For what is this compound used? 

10. Write formulas for two heterocyclic compounds that are formed in 
the intestinal tract as the result of bacterial putrefaction of protein 
material. 

11. For what is heteroauxin used? 

12. What type of compounds can be prci)ared by the Hkraup synthesis? 

13. How does isoquinoline dilfer from quinoline in structure? 

14. Write the formula for coumarin. For what is this compound used? 

15. What is the name of the ureide of malonic acid? What are some im¬ 
portant derivatives of this compound and for what are they used? 

1C. Show how the pyrimidine nucleus is numbered to facilitate naming de¬ 
rivatives of this compound. Show numbering of the atoms in the 
purine nucleus. 

17. Name four pyrimidine derivatives found in nucleic acid. 

18. Which of the vitamin B factors contain a pyrimidine nucleus in their 
structures? 

19. What two purine bases are known to occur in nucleic acids? 

20. Of what physiological importance are nucleic acids? 

21. Show diagrammatically how nucleotides and nucleosides are related 
‘to nucleic acids, 

22. Write formulas for the two tautomeric forms bf uric acid. 

23. What physiological effects do caffeine and theobromine exert on the 
body? 

24. Name at least four heterocyclic compounds that are components of 
coal tar. 
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CHAPTER XX 


ALKALOIDS 

Introduction. —A satisfactory definition for alkaloids is 
difficult to formulate, but one that is satisfactory for most 
purposes is the following: Alkaloids are basic substances of 
plant origin that contain at least one nitrogen atom in a hetero¬ 
cyclic ring. They usually, although not always, possess marked 
physiological activity. Alkaloids do not occur in all plants. 
Very few of the monocotyledons, excepting the lilies, contain 
alkaloids. Most of the dicotyledons contain alkaloids. Some of 
the plant families that contain appreciable quantities of 
alkaloids are: 

Leguminosae —the legumes, lupines. 

Papaveraceae —poppies, opium poppy. 

Solanaceae —nightshade, belladonna. 

Different species of plants vary as to the part of the plant 
that has the highest alkaloid content. For example: 

Leaves are used as the source of cocaine. 

Seeds are used as the source of strychnine. 

Bark is used as the source of quinine. 

Roots are used as the source of berberinc. 

Sap is used as the source of morphine. 

Fruit is used as the source of piperine. 

Alkaloids rarely occur free in the plants, but they are present 
as the salts of such organic acids as malic, tartaric, citric, oxalic, 
tannic, and succinic. In the case of some alkaloids, they arc 
associated with a special acid; e.g., morphine is associated with 
^'meconic’^ acid, and quinine, with ^^quinic^' acid. 

Isolation of the Alkaloids. —^Alkaloids can be separated 
from the plant by grinding and mixing the ground-up mate¬ 
rial with lime or magnesia. The alkaloids thus liberated can 
then be obtained by extraction with organic solvents, such 
as chloroform, ether, and benzene; or by steam distillation. 
A second method of obtaining alkaloids is by extracting the 
finely ground material with mineral acid, such as hydrochloric 
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acid. The mineral acids form soluble salts with the alkaloids, 
and the alkaloids are precipitated from the acid solution by the 
addition of a weak base, such as ammonium hydroxide or 
sodium carbonate. The alkaloids separated by either method 
of isolation can be purified by crystallization of their salts. 
Reagents such as picric acid, phosphotungstic acid, tannic acid, 
and potassium mercuric iodide are known as alkaloidal reagents, 
because they are used for the isolation, identification, and 
estimation of alkaloids. Repeated crystallization of the al¬ 
kaloidal salts of these reagents gives pure substances. The free 
alkaloid can be obtained after removing the precipitating agent 
by treatment with weak alkali. 

Physical Properties of Alkaloids.-— The majority of alka¬ 
loids are white crystalline solids, but berberine is yellow. Nico¬ 
tine and coniine are liquids. As a rule, alkaloids have a bitter 
taste, but piperine, obtained from pepper, is tasteless. The 
pungent taste of pepper is due to an essential oil. The majority 
of alkaloids arc insoluble in water, but nicotine is an exception, 
being soluble in water. Most alkaloids are optically active, the 
majority being levororotatory. 

Classification of Alkaloids. —Alkaloids can be classified on 
the basis of their source or on the basis of the heterocyclic 
nucleus that they contain. We shall use the latter system. 

Pyndine Group. — Coniine, the alkaloid with the simplest 
chemical structure, belongs to the group of pyridine alkaloids. 
It has an interesting historical background. The Greek phi¬ 
losopher, Socrates, was put to death by being forced to drink an 
extract of deadly hemlock. The coniine present in the extract 
was responsible for his death. 

Coniine was the first alkaloid to be synthesized. The synthesis 
was carried out by Ladenburg in 1886. 
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Coniine is an oily, colorless, strongly alkaline liquid tiiat is 
slightly soluble in water. It is a deadly poison when taken in 
more than extremely small quantities, causing paralysis of the 
motor nerve endings and depression of the central nervous 
system. 

Piperine, C^HiyOaN, is the alkaloid of pepper. It occurs 
in the black and white peppers of commerce to the extent of 
5 to 9 per cent. It has no marked physiological action. 

Arecoline is the principal alkaloid of the fruit of the betel 
nut palm, Areca catechu. The seeds of the fruit are used as 
a mild stimulant by some 200,000,000 persons in India, the 
Philippines, and the islands of the Pacific and Indian Oceans. 
Betel chewing is more widespread than is the use of tobacco. 
The chew consists of a piece of areca nut mixed with some lime 
and a little gambier, tobacco, or catechu, and rolled in the leaf 
of the betel pepper. This combination is chewed throughout 
the day, and often is held in the mouth during the night. It 
stimulates a copious flow of saliva that is colored blood red by 
the action of the lime and gambier on the coloring matter of the 
areca nuts. Tlie teeth are quickly blackened. The craving for 
the drug is intense, but the habit does not appear to cause any 
degeneration. Several alkaloids are present in tlie areca nuts, 
but the physiological action appears to be due mainly to 
arecoline, present to the extent of about 0.1 per cent. The 
alkaloid also is employed as a vermifuge in veterinary medicine. 
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P3npidine-Pyrrolidine Group. — Nicotine, the principal alka¬ 
loid of tobacco, is a representative of the pyridine-pyrrolidine 
group of alkaloids. The nicotine content of tobacco varies 
from 1 to 10 per cent, although the average is usually about 
4 per cent and rarely exceeds 6 per cent. Nicotine is com- 
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bined in the plant’ with malic and citric acids. It can be con¬ 
veniently isolated by extracting raw tobacco with water, 
liberating the alkaloid with alkali, and distilling with steam. 
Pure nicotine is a colorless, oily, strongly basic, levorota- 
tory liquid. It is readily soluble in alcohol and ether, and is 
miscible with water b(dow 60^ C. 

Nicotine in small quantities has the property of causing an 
initial and transient stimulation. In larger amounts the alka¬ 
loid causes dizziness, perspiration, an abnormally large secre¬ 
tion of saliva, and intestinal disturbances. The fatal dose for 
man is about bO milligrams. 

Large quantities of nicotine are used as an insecticide. It is 
incorporated with soap and oil to form emulsions used in plant 
sprays. Black Leaf 40^’ contains nicotine sulfate. It also can 
))e absorbed on inert substances to give the so-called '‘nicotine 
dusts” emi)Joyed in orchards and gardens for controlling insect 
pests. Powders containing nicotine are used for the eradica¬ 
tion of mites and lice on poultry. The annual world production 
of tobacco for human consumption and insecticidal use amounts 
to more than 2,000,000 tons. This amount of tobacco contains 
about GO,000 to 70,000 tons of nicotine. 

Nicotine was synthesized by Pictet in 1904. 
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Tropane Group. —Most of the alkaloids occurring in the 
Solanaceae belong to the tropane group. These alkaloids can 
be regarded as derivatives of the heterocyclic compound, 
tropane. 
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A prominent member of this group is cocaine. It is ob¬ 
tained from the leaves of the coca plant, a South American 
shrub that bears leaves similar to those of the tea plant. 
Cocaine is a crystalline solid that is slightly soluble in cold 
water, but readily soluble in alcohol, ether, and benzene. The 
aqueous solution is levorotatory, is alkaline to litmus, and has 
a bitter taste. When api>lied to the tongue, it produces a char¬ 
acteristic numbness. L-Cocaine formerly was highly prized as 
a local anesthetic because of the short time during which its 
effect was operative. It was used commonly in dentistry and 
eye surgery. Cocaine, whicli was synthesized by Willstatter, 
has the structural formula: 
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Cocaine 


A disadvantage to the use of cocaine as a drug is that it is 
somewhat toxic. Taken in small amounts, it has a stimulating 
effect, but continued use of the alkaloid is habit forming and 
leads to mental detei-ioration and insanity. Many daring crimes 
are committed while criminals are under the influence of 
cocaine. Solutions of cocaine i)repared for hypodermic use 
are unstable and spoil readily. 

In order to overcome these disadvantages inherent in 
cocaine, substitutes, which are 7iot alkaloids according to our 
definition, have ))een synthesized for the purpose of pre¬ 
serving its local anesthetic action and eliminating its un¬ 
desirable properties. It was found that the methyl ester group 
was responsible for the habit-forming properties, while the local 
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anesthetic properties mainly were associated with the benzoyl- 
and nitrogen-containing part of the molecule. One of the com¬ 
pounds resulting from these researches was procaine Novo¬ 
cain . 

Instead of free procaine, the hydrochloride form is used for 
hypodermic injections because it is water-soluble. The primary 
amino group with its basic properties is introduced on the ben¬ 
zene ring in order that the hydrochloride will be essentially neu¬ 
tral. Procaine is only one-seventh as toxic as cocaine, and gives 
stable solutions. It cannot be used as a surface anesthetic. 
Adrenaline, which constricts tlic capillaries, often is used with 
procaine in dentistry and surgery to prevent rapid spreading 
of the local anesthetic. The i>resenco of adrenaline also reduces 
bleeding. 

A cocaine substitute that does have surface anesthetic proper¬ 
ties is butyn. 

r o c,h; 
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IButyn 

Closely related to butyn is butesin, another compound whi(‘h 
also has surface anesthetic properties. The use of butesin 
picrate as a treatment for bums has been mentioned earlier 
(page 435). 

_ O 

Butesin 

Atropine was isolated as early as 1831 from the roots of the 
deadly nightshade, Atropa belladonna. The formula of 
atropine that is accepted today was proposed by Willstatter. 
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Atropine and hyosoyamine 


H,SO. 



534 


OHGANK^ AND BXOIAXJICAL CHKMISTRY 


Atropine is a racemic mixture, and rarely occurs as sucli in 
plants. Usually, it is obtained from its naturally occurring 
levorotatory isomer, hyoscyamine, by racemization of the latter 
with alkali. Because of this relationship, the foregoing formula 
can be used to represent the structural formula of both atropine 
and hyoscyamine. 

Atropine is used as a mydriatic (causes dilation of the pupil 
of the eye). This effect is due to the paralysis of the motor 
nerve endings in the circular muscle of the iris. Atropine is 
used also as an antidote for toadstool poisoning, since it para¬ 
lyzes all the nerve endings that this poison (muscarine) stimu¬ 
lates. Even in small doses atropine reduces glandular secre¬ 
tion, diminishes the flow of saliva, perspiration, and mucus; 
it is employed in medicine for these purposes. Jimson weed, 
containing the alkaloid, hyoscyamine, or a structurally related 
alkaloid, hyoscine, occasionally causes stock poisoning (see 
page 541). 

The lupines are important stock-poisoning plants on the 
ranges of the Western states and the Pacific (‘oasl. There are 
about 150 species in the genus Lupimis. Some of these species 
are very poisonous due to their alkaloidal content; others cause 
poisoning only under particular circumstances; and some are 
harmless under range conditions. Since the lupines arc legumes, 
those species that do not contain alkaloids are potentially valu¬ 
able forage plants. A number of alkaloids have been isolated 
from the various species of lupine. Lxipinine is one that is 
widely distributed. The following formula was proposed by 
Karrer. 

CH^-CH-CH.CH.OH 

CH, in, 

is, is, 

is,—^ -CH, 

Lupiniiie 

The correctness of this formula was demonstrated by its 
synthesis (Clemo). The lupine alkaloids act upon the central 
nervous system to disturb the motor functions. Different 
symptoms are manifested by animals poisoned by different 
species of lupine, Sheep poisoned on some species of lupine 



Ar.KAI.OIDS 


535 


exhibit symptoms indicative of nerve stimulation, whereas 
poisoning by other species induces symptoms of depression only. 
The motor functions in cattle and horses are depressed in lupine 
poisoning. 

Quinoline Group.—The principal members of the quinoline 
group ai*e the cinchona alkaloids, of which quinine and cincho¬ 
nine are of most practical importance. Cinchona alkaloids 
occur in the various species of tlie two Rubiaceae genera, Cin¬ 
chona ami Reniijia, which are native to the eastern slopes of the 
Andes. Species of cinchona grow most abundantly at altitudes 
of 5,000 to (S,000 feet, and rarely are found below 2,500 feet 
elevation. The South American Indians probably used cin¬ 
chona bark for the treatment of fevers long before the coining 
of the Spaniards. It was introduced in Europe about 1632, and 
was definitely in use by 1638. The demand for cinchona bark 
liecame so groat that the tot-al extinction of the trees in South 
America was threatened. The danger directed attention to tlie 
j)ossibility of cultivating the trees in India, Australia, and 
Java. Mainly as a result of the close supervision and aid given 
by the Dutch East India Government, Java has become the most 
important cinchona-producing district in the world. The an¬ 
nual production of quinine sulfate before World War 11 aver¬ 
aged between 600,000 and 700,000 kilograms, 90 ])er ('cnt of 
which came from the Dutch East Indies. 

Quinine and cinchonine both were isolated from cinchona 
bark in 1820 by Pelletier and Caventou. The foiinula of qui¬ 
nine was establislied by the synthesis of the alkaloid by two 
young scientisis, Woodward and Doering, in 1944. 
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The structure of cinchonine differs from that for quinine only 
in that there is a hydrogen at (A) instead of a methoxy group. 

Quinine is used to reduce fever and in the treatment of 
malaria. The physiological action of cinchonine is somewhat 
similar to that of quinine, but less pronounced. Certain tonics 
contain quinine, strychnine, and some inorganic salt of iron. 

The search for antimalarials became of prime importance to 
the United States after the Japanese attack on Pearl Harbor. 
The United States was faced with the necessity of fighting a 
major war in some of the world’s worst malaria-infested coun¬ 
tries. The problem was intensified after the loss of the East 
Indies to the Jai)anese. This region previously had supplied 
90 per cent of world’s production of quinine, hitherto the 
standard antimalarial drug. In the late fall of 1943 the search 
for antimalarials was intensified under the auspices of the Office 
of Scientific Research and Development. The program grew 
into what was pi'obably the most intense mass attack made on 
any chemotherapeutic problem. According to Elderfield, dur¬ 
ing the period 1941-1946 approximately 14,000 compounds were 
tested for their antimalarial effect. Among these about 70 
classes of organic compounds showed some antimalarial ac¬ 
tion. Further investigation has narrowed the field to four or 
five groupings. 

The human malaries that are most widespread are Plasrtiodiwn 
vivax and Plmmodiuin falciparum. The first type is prone to 
recur periodically even though the clinical symptoms have 
been alleviated by the administration of suitable drugs. In con¬ 
trast, if tlie attack of Plasmodium falciparum has been ade¬ 
quately treated, there is little likelihood of recurrence of the 
manifestations of the disease. This type, known as malignant 
tertiary malaria, frequently results in fatalities unless a suit¬ 
able drug is administered promptly after the first attack. It is 
to be emphasized that the so-called antimalarial drugs com¬ 
monly used at the present time, with the possible exception of 
plasmochin and some of its chemically related compounds, act 
only as suppressive agents. This means that in the case of 
P. vivax the individual may be infected, but may show no symp¬ 
toms of the disease as long as he adheres to a prescribed dosage 
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oi* the suppressive drug. As soon ys ll)e treatment is discon¬ 
tinued, typical attacks may occur. 

^‘Atabrine^’ (mepacrine, quinacrine) probably is the most 
widely used of the suppressive type of drugs for malaria. 
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CH (CJI,) 2 • 2HC1 
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^ ‘ Atabriiic ’ ^ liydrcx'hloride 

The advantages of this drug over quinine are that the margin 
of safety between the therapeutic and the toxic dose is relatively 
large, it can be safely administered in pregnancy when quinine 
is contraindicated, and it does not have as intensely bitter a 
taste as quinine. 

The antimalarial, chloroquine (^'Aralen,’^ SN-7618), was one 
of the results of the O.S.R.D. program. It is said to be twice as 
effective against the common human malarias as is Atabrinc. 
In addition, it is capable of terminating a clinical attack of 
P. falciparum by oral administration whei*eas Atabrine’' must 
be injected intramuscularly. Furtiiermore, chloroquine does 
not cause the unsightly yellow pigmentation resulting from 
^^Atabrine” administration. One tablet a week of chloroquine 
is an effective suppressive while '‘Atabrine” and (piinine re- 
<iuire daily doses. 
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Another effective suppressive for malaria developed in Eng¬ 
land during World War II is clilorguanide (‘^Paludrine’^). 
Clinical trials have shown that small doses at infrequent inter¬ 
vals are sufficient to prevent the attacks of P. vivax. 
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^ ‘Plasmochin'' (pamaquin) is the best known of the curative 
drugs for P. falciparum. It has been shown to effect a fair 
percentage of cures of relapsing form of malaria when admin¬ 
istered in conjunction with quinine or Atabrine/' 
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Isoquinoline Group. —The alkaloids of this group are ob¬ 
tained chiefly from the botanical family Papaveraceae. Pa¬ 
paverine is one of the alkaloids present in opium, the sun-dried 
latex of the unripe fruit of the oi)ium poppy. The synthesis of 
papaverine by Pictet and (jams proved it to have the following 
structure: 



Morphine is the alkaloid that is chiefly responsible for the 
physiological action of opium. Opium may contain from 3 
to 23 per cent of morphine. It was the first alkaloid to be 
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isolated from a plant source. Sertiimer, a German apothecary, 
in 1806 described its basic i)roi 3 erties and called it 
'^morpheuin.'^ 

Morphine has a depressing action on the central nervous 
system. In veiy small amounts (16 mg. or less) it relieves pain. 
When taken in larger doses, the drug produces sleep. Con¬ 
tinued use leads to greatly increased tolerance and the danger¬ 
ous probability of becoming addicted to the drug. A character¬ 
istic property of morphine, and, indeed, of alkaloids in general, 
is a reduction of peristaltic action. Due to this property, mor¬ 
phine occasionally is used in the treatment of diarrhea. In 
other cases where drugs containing alkaloids are administered, 
it is necessary sometimes to add a laxative to counteract the 
effect of the alkaloid. 

About 25 alkaloids occur in opium. This is Ihe greatest num- 
b(u* of alkaloids that have licen isolated fi*om any single i)1ant 
source. 

Berherine, C 20 H 19 O 5 N, probably is more widely distributed 
than any otlier alkaloid. It has been found in the plants of six 
botanical families and in twelve different genera. Berberine, 
which is a yellow crj^stalline solid, can be isolated conveniently 
from barberry root bark. The alkaloid is soluble in water to the 
extent of one part to four and a half parts of water. Such an 
aqueous solution is extremely bitter. Berberine sometimes is 
used in tonics. 

Strychnos Alkaloids. — Strychnine and brucine, the most im¬ 
portant members of the Strychnos class of alkaloids, occur in 
nux-vomica seeds and in Ignatius beans. Much labor and in¬ 
genuity have been expended on the difficult problem of deter¬ 
mining the constitution of these two alkaloids, but as yet the 
efforts have not been very successful. Strychnine, C 21 H 22 O 2 N 2 , 
is highly toxic. In poisonous doses it causes convulsions in¬ 
volving most of the muscles of the body. It often is employed 
as a poison for small animals. 

Strychnine, in very small doses, has a stimulating effect and 
is used in certain tonics. It has been reported that some 
Alpine mountain climbers use strychnine to give them greater 
endurance. 
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Brucine, C 23 H 20 O 4 N 0 , is a dimetJioxy derivative of strychnine. 
It is less toxic than strychnine, but its lethal dose is so close to 
the therapeutic dose that it is not employed in medicine. It is 
a rather common component of rat poisons. Brucine and 
strychnine are used in the resolution ol* racemic mixtures of 
optically active acidic substances. 

Curare is the name applied to plant extracts formerly used 
as arrow-tip poisons by Indians in tropical South America. 
The colorful history and the properties of curare are vividly 
described by McIntyre in his recent book. Early explorers in 
the sixteenth and seventeenth centuries had a number of un¬ 
fortunate encounters with this deadly arrow poison. When in- 
je<‘ted intramuscularly it is capable of producing muscle paraly¬ 
sis in a short time, and death occurs from respiratory or cardiac 
failure. When taken by mouth, curare is said to be nontoxic, 
|)robably due to its slow absorption by the intestinal mucosa, 
and also to its rapid elimination from the body. A few of the 
early explorers were able to make friends with the Indians, and 
to find out how (‘urare poisons were prepared. In general, 
the basic process was very simple, with a goodly quantity of 
magic and witchcraft sprinkled in by the natives. The bark 
from a number of suitable trees was crushed and a water in¬ 
fusion made. This was evaporated down and a gelatinous sub¬ 
stance added so that the poison would be thick enough to ad¬ 
here to the arrow tips. Of a fairly large number of plants that 
could be used for the preparation, Stfychnos toxifera yielded 
the most powerful curare poison. 

Although the Indians no longer prepare curare as an arrow 
poison, these alkaloids are finding considerable use in the medi¬ 
cal field because of their therapeutic properties. It has been 
used with varying degrees of success in the treatment of tetanus, 
poliomyelitis, hydrophobia, and epilepsy. Some workers say 
that it can be used to advantage with all volatile anesthetics 
because muscle relaxation can be obtained with less anesthesia 
than would otherwise be possible. 

There are some 30 quaternary alkaloids named curarines that 
have been isolated from crude curare. Of these, n-tubocurarine, 
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C 38 H 440 yN 2 , is the only one that is available now in Ibis eoiin- 
try for medicinal purposes. 

Colchicine, CggHgaOeN, is obtained from the seeds and corms 
of the autumn crocus, Colchicum autumnale. The colchicine of 
commerce usually is encountered in the form of yellow flakes 
or powder. According to our definition of alkaloids, colchicine 
is not a true alkaloid, since it does not contain nitrogen in a 
heterocyclic ring. The exact structural formula of colchicine is 
still somewhat uncertain. 

Colchicine is used in medicine for the relief of the pain of 
rheumatic fever and gout. Its interest to the biologist lies in 
the discovery by Blakeslee that, when ]>lants are treated with 
colchicine, there is a doubling of their chromosome number. 
Tetraploids thus can be produced from diploids. The signifi¬ 
cance of this observation to the horticulturist is that the 
doubling in the number of chromosomes also is associated with 
an approximate doubling of the cell volume. In other words, 
a possibility is created of developing i)lants that are twice the 
size of the present varieties. 

Origin of Alkaloids in Plants. —Several theories have been 
advanced to explain the origin and function of alkaloids in 
the plants. One theory is that the alkaloids are waste products 
of protein metabolism, and correspond to urea and uric acid in 
animals. Another theory, and the one that seems best to fit the 
facts, is that alkaloids are by-products in the formation of 
proteins. 

Stock-Poisoning Plants. —A short section on stock-poisoning 
plants will be included in this chapter, since most stock-poison¬ 
ing substances are alkaloids. The importance of these harmful 
plants is better appreciated when it is realized that the loss of 
livestock due to plant poisoning is estimated to exceed $2,000,000 
annually. 

In addition to the lupines, which already have been men¬ 
tioned, other plants that owe their poisonous character to their 
alkaloidal content are members of the larkspur, Delphinium, 
species. Although 26 possibly poisonous species growing in the 
United States have been listed, very little is known concerning 
the structure of the alkaloids of these plants. The greatest 
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concentration of alkaloids generally occurs in the seed, which 
may contain as high as 2 per cent alkaloids. 

The cattle poisoning from eating these plants is known as 
delphinosis. This causes more losses among range cattle in the 
West than any other ])lant except locoweed. Cattle and hoi*scs 
are ])oisoned by the plant, but sheep are not affected. Fairly 
large quantities, 2 1o II ]>('r cent of the animal body weight, 
must be eaten bcfoi'c' toxic* sym[)loms a])pear. The general 
sym])toms of (lel])hinosis ai‘(‘ staggering gait, nausea, and, lastly, 
(H)uvulsions; hence the common names for the plants are stag- 
gerweed and poison weed. 

Another important group of i)oisonous plants is the death 
eamass, which also owes its toxic properties to the presence of 
alkaloids. The death eamass constitutes a serious menace to the 
sheep grazing industry. The constitution of the alkaloids in 
these plants is as yet uncertain. 

A great number of plants contain poisons termed resinoids. 
This name is applied because these substances have resinlike 
characteristics. The resinoids are difficult to purify. Most of 
them have not been crystallized, and their chemical structures 
are problematical. The poisonous substance in the very toxic 
water hemlock (Cicufa vagans) is the resinoid cicutoxin. Mem¬ 
bers of the species Ciciitas are distributed widely in low 
swampy places. Poisoning from them often occurs in the spring 
when the ground is soft and the roots can be readily pulled from 
the soil. Children sometimes are tempted to eat the roots be¬ 
cause of their attractive odor, and numerous fatalities have been 
reported from this cause. The various species of water hem¬ 
lock are said by Couch to be, without doubt, the most poisonous 
plant that grows in the United States. 

Next to the water hemlock in toxicity is the whorled milk¬ 
weed. Three ounces of the fresh plant are sufficient to cause the 
death of an adult sheep. The poisonous substance in this plant 
also is a resinoid. 

Oxalic acid is the poisonous substance in another group of 
plants. An important member of this group is the species of 
greasewood, Sarcohatus vermiculatus, which grows abundantly 
in the arid regions of the Western states. In one instance at 
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Harper, Oregon, ] ,000 of a flock of 1,700 sheep that grazed dur¬ 
ing the day on a greasewood area died during the night. 

The plants that probably eaiLse the greatest loss to the stock- 
raising industry are the species of locoweed. Animals that are 
poisoned from eating locoweed exhibit the symptoms of "'loco 
disease,the name being derived from the Spanish word for 
''crazy.White and purple locoweeds are widely distributed 
over the Great Plain states, and losses of horses, cattle, and 
sheep from locoism have been large. In Colorado the losses 
were so serious that the state expended $450,000 during a 
period of nine years in an attein])t to eradicate the weed. Ani¬ 
mals affected with locoism manifest muscular incoordination, 
and there are disturbances of vision. Tlie animal is unable to 
judge the height of objects on the ground. Thus, in stepping 
over a rope lying on the ground, the horse may step high enough 
to clear two feet. 

The particular substance responsible for the symptoms of 
locoism has been isolated and analyzed, but, unfortunately, the 
chemical structure as yet has not been detenuined. 

Solanine is an alkaloidal glucoside that occurs in potatoes. 
On hydrolysis, it yields glucose, galactose, rhainnose, and an or¬ 
ganic base, solanidine (C 27 H 43 ON). Ordinary potatoes do not 
contain enough solanine to be toxic, but on long exposure to the 
sun a green color develops, and such potatoes have a bitter taste. 
These "sunburned'^ potatoes may contain 20 to 30 times as 
much solanine as do normal potatoes. The eating of consider¬ 
able quantities of them can cause death to man and the lower 
animals. Solanine also seems to be concentrated in the sprouts 
of potatoes. A number of deaths of livestock as a result of the 
consumption of potato sprouts are reported each spring. 

The green berries of black nightshade {Solarium nigrum) con¬ 
tain solanine and the alkaloid, solanidine. Sheep are most sus¬ 
ceptible to this type of poisoning. 

Study Questions 

1 . Define alkaloids. In what group of plants do alkaloids occur most fre* 
quentlyf 

2. Describe briefly a process for separating alkaloids from other plant 
material. 
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3. What are some of the characteristic physical properties of all alkaloids f 

4. Write the structural formula for the alkaloid with the simplest chemical 
structure. To what chemical group of alkaloids does it belong? Of 
what historical interest is this alkaloid? 

5. What is the principal alkaloid that acts as a mild stimulant for those 
who indulge in betel chewing? 

0. To what chemical group of alkaloids does nicotine belong? How can 
the alkaloids be isolated from tobacco? What is the physiological 
effect of these alkaloids? What are some uses of free nicotine? 

7. What are the disadvantages of the use of cocaine as a local anesthetic? 
Write the structural formula for the compound that now is being used. 

8. Name two alkaloids with surface anesthetic properties. 

9. What is the relationship of atropine and hyoscyamine? 

10. Quinine and cinchonine belong to what chemical group of alkaloids? 
What is the source of these two alkaloids and for what are they used? 

11. What is the chief alkaloid of the opium poppy? What physiological 
effects does this alkaloid exhibit? 

12. What is probably the most widely distributed alkaloid? 

13. What is the name of an alkaloidal plant extract that has been used by 
the Indians in South America as an arrow-tip poison? 

14. How does strychnine act as a poison? For what purpose are strych¬ 
nine and brucine sometimes employed in the chemical laboratory? 

15. Of what importance is colchicine? 

16. To what substance is the poisonous character of water hemlock due? 

17. Why is it not advisable to eat ^‘sunburned'^ potatoes? Wliy should not 
potato sprouts be fed to livestock? 

References 

Avery, A. G.: Methods of Inducing Doubling of Chromosomes in Plants by 
Treatment With Colchicine, J. Heredity 28: 393, 1937. 
von Oettingen, W. F.; Therapeutic Agents of the Quinoline Group, 
New York, 1933, Chemical Catalog Company. 

Gilman, H., and Collaborators: Organic Chemistry, An Advanced 
Treatise, New York, 1938, John Wiley and Sons, Inc. 

Henry, T. A.: The Plant Alkaloids, ed. 3, Philadelphia, 1939, P. Blakis- 
ton^s Son & Co. 

Jackson, K. E.: Alkaloids of Tobacco, Chemical Reviews 29: 123, 1941. 
Kuder, R. C.: Larkspurs, Delphiniums, and Chemistry, J. Chem. Educa. 
24: 418, 1947. 

McIntyre, A. R,: Curare: Its History, Nature, and Clinical Uses, 
Chicago, 1947, University of Chicago Press. 

Harvey, R. B., Larson, A. H., Landon, R. H., Boyd, W. L., and Erickson, 
L. C.: Weeds Poisonous to Livestock, Minn. Ag. Expt. Sta, Bulle¬ 
tin 388, 1945. 

Woodward, R. B., and Doering, W. E.: The Total Synthesis of Quinine, 
J. Am. Chem. Soc. 67: 860, 1945. 

Elderfield, R. C.: The Antimalarial Program of the Office of Scientific 
Research and Development, Chem. & Engin. News 24: 2598, 1946. 
Curd, F. H. S., and Rose, F. L.; The Discovery of Paludrine, Chem. 
& Tndust., p. 75, 1946. 



CHAPTER XXI 


PROTEINS AND AMINO ACIDS 

Introduction.—Proteins are naturally occurring substances 
of high molecular weight that yield, primarily, amino acids on 
hydrolysis. The term protein comes from the Greek word 
meaning “holding first place,and this derivation serves to 
emphasize the importance of proteins from a biological view¬ 
point. They are one of the three major classes of foodstuff, 
carbohydrates and fats being the other two. The chief function 
of protein in the diet is to supply material for the building of 
new cells and cell products, and the replacement of old cells 
in the body. About 70 to 80 per cent of the living cell is water, 
and of the remainder, approximately 90 per cent is protein. 
Proteins, more than any other cell components, serve to give 
protoplasm its characteristic structure. 

The chief elements present in proteins are carbon, hydrogen, 
oxygen, and nitrogen. In addition, small amounts of sulfur, 
phosphorus, iron, and iodine sometimes are present. The high 
content of nitrogen differentiates proteins from the other classes 
of foodstuff. The analysis of the protein content of a material 
is based on its nitrogen content. Usually a pure protein is 
about 16 per cent nitrogen, and the percentage of nitrogen 
multiplied by 6.25 gives the approximate percentage of protein 
in a biological material. The factor 6.25 is obtained by dividing 
100 by 16. In the case of wheat flour, however, the factor for 
conversion of percentage nitrogen to percentage protein is 5.7, 
because the protein of wheat flour has been found to be 17.5 per 
cent nitrogen. The Kjeldahl method is the most widely used 
procedure for the determination of nitrogen in organic mate¬ 
rials. This method consists essentially of heating the material 
with concentrated sulfuric acid in the presence of such catalysts 
as copper, mercury, or selenium compounds. The carbon and 
hydrogen in the material are oxidized to carbon dioxide and 
water, respectively, and the nitrogen is converted to ammonium 
hydrogen sulfate, which remains in the flask. Excess sodium 
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hydroxide is added to the residual ammonium bisulfate and 
sulfuric acid in the Kjeldahl flask, and the ammonia liberated 
is distilled into an excess of acid of a known concentration. The 
excess of unneutralized acid is titrated Avith a base, and from 
the results the amount of ammonia formed can be calculated. 
The percentage of nitrogen determined by this method, multi¬ 
plied by the appropriate factor, gives the lAercentage of protein 
in the material. 



Pig. 63.—Laboratory apparatus for the determination of nitrogren by the 
Kjeldahl method. The technician is adding sodium hydroxide to a sample 
preparatory to distillation on the electrically heated units. The glass 
“traps," shown at the top of the picture, prevent any alkali from being car¬ 
ried over to the receiving flasks during the distillation process. The am¬ 
monia and steam, which are volatile, pass through the traps and into a 
condenser. The condensate is absorbed by standardized acid contained in 
the Erlenmeyer flasks below the distillation rack. (Courtesy of the Corn 
Industries Research Foundation.) 

Animals cannot synthesize proteins from inorganic forms of 
nitrogen; hence, the nitrogen for the building of their proteins 
must be present in the organic compounds in their food. Plants, 
on the other hand, can utilize nitrates and other forms of in¬ 
organic nitrogen in their synthesis of proteins; thus the ex¬ 
pression ‘'all flesh is grass.Animals either must get their 
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protein-building material from plants or from other animals 
that have eaten plants. The proteins that are ingested are 
hydrolyzed to amino aeids in the animal body, and are trans¬ 
ported by the blood in this form to the body cells, where they 
may be resynthesized into proteins. The mysterious property 
of biological specificity is illustrated by this synthesis, for each 
organism and each type of cell within the organism a])parently 
possesses its own characteristic protein. Familiar examples of 
protein materials are egg white, cheese, wool, silk, and hair. 

The determination of the exact structure of the different 
proteins has been attended with many difficulties, and still is 
largely unsolved. The chemist's first problem in determining 
the structure of a com])ound is to obtain a pure product with 
which to work. Most proteins are gummy substances that form 
colloidal solutions, and are veiy difficult to purify. The meth¬ 
ods used by organic chemists to purify (compounds, such as 
distillation and sublimation, arc not applicable to proteins, 
since they decompose on exposure to more than moderate tem¬ 
peratures. In one fundamental respect, all proteins are similar— 
on hydrolysis they yield a mixture of a-amino acids. These sub¬ 
stances are the ‘^building blocks" from which the complex 
proteins are formed. Before proceeding further, tlierefore, it 
seems logical to consider the (*hemistry of the amino acids. 

Amino Acids 

Isolation and Classification. —Amino acids can be obtained 
from proteins by one of the following methods of hydrolysis: 

1. Acid hydrolysis (for example, boiling with 20 per cent 
hydrochloric acid for twenty-four hours). 

2. Alkaline hydrolysis (for example, boiling with 10 per 
cent sodium hydroxide for ten hours). 

3. Enzyme hydrolysis (for example, digesting with trypsin 
at 37.5° C. and pH 8 for two to three days). 

A large number of different proteins are known, but the 
number of amino acids obtained from them is comparatively 
small. Only 23 amino acids are known definitely to be 
present in protein hydrolysates, but the number of ways in 
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which these can be combined to form proteins runs into astro¬ 
nomical figures. The amino acids can be divided into groups 
according to their structure. In referring to them, their special 
names are used more often than are their chemical names. 

A, Aliphatic Amino Acids. 1. Moyioamino-moyiocarhoxylic 
acids. 

a. Glycine (aminoacetic acid, glycocoll). 

CH^COOH 

I 

NH, 

The simplest amino acid that has been found to be a 
constituent of proteins is a derivative of acetic acid, 
and is called glycine. It was discovered in 1820 by 
Braconnot, who obtained it by treating gelatin with 
sulfuric acid. Because of its sweet taste he called it 
gelatin sugar. This amino acid is prepared syntheti¬ 
cally by the treatment of monocliloroacetic acid with 
ammonia. The protein containing the highest ])er- 
centage of glycine is silk fibroin^ in which 36.8 per 
cent of the total nitrogen is glycine nitrogen. 

A desirable practice that should have wider ado])- 
iion is to base amino acid composition on the nitrogen 
content of the protein. Besides the advantage of uni¬ 
formity, it makes possible a ready comparison of the 
results of various investigators. If amino acid coin- 
position is based on the weight of i)rotein, comparison 
of results is not possilde unless values for the moisture, 
ash, and fat contents of the protein are given. All of 
the amino acid percentages given in this chapter are 
based on the total nitrogen of the ])rotein. 

b. Alanine (a-aminopropionic acid). 

CH3-—CH—COOH 

I 

NH, 

This amino acid was isolated in 1875 as a decomposition 
product of silk. The highest content of alanine, 22.2 
per cent, is found in silk fibroin. 
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c. Serine (j0-hydroxy-a-aminopropionic acid). 

CH^—CH—COOH 

OH im. 

Another amino acid that is a derivative of propionic 
acid is serine. This acid has an hydroxyl group on the 
^-carbon. Sericin, a j)rotein obtained from silk, con> 
tains 32.9 i)er cent serine. This is the highest per¬ 
centage found in any protein. 

^d. a-Amino-isobutyn-ic acid. 


CH, 


\ 


CH, 


/I 


C—COOH 


NH, 


This amino acid, which was isolated from lupine seed, 
lias no common name. It is the only amino acid known 
to contain a tertiary carbon atom, 
e. Threonine (a-amino-/8-hydroxybiityric acid). 


(UI,~ {'HOH-CTI- (!0()H 

I 


NH. 


Threonine was isolated in pure crystalline form in 
1935 by Rose and his associates. It must be present 
in the diet of animals for normal growth to occur. 
(A complete list ot the essential amino acids is given 
on page bwT) 

*f. Norvaline (a-aminovaleric acid). 

CH—CH,—CH,—CH—CX)OH 

I 

NH, 


•The amino acids designated by an asterisk in this classification have not 
met the requirements imposed by Vickery and Schmidt for considering an 
amino acid a definite product of protein hydrolysis. These criteria are: 

1. The amino acid must have been isolated by some worker other than 
the discoverer. 

2. Its constitution must have been established by synthesis and by demon¬ 
stration of identity between the synthetic product and the racemized natural 
product, or by actual resolution of the svnthetic product and preparation of 
the optically active natural isomer. 
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This amino acid was isolated in 1930 by Abderhalden 
and Bohn. 

g. Valine (a-amino-isovaleric acid). 

CH3 

CH—CH—COOH 


Valine was synthesized in 1906 by Fischer, who coined 
its name. It is a constituent of the penicillins. 

h. Tsoleucine (a-amino-^-methylvaleric acid). 

(^H,~-cm.—OH—CH—COOH 

I I 

CH3 NH3 

This amino acid was isolated in 1903 by F. Ehrlich. It 
is a widely distributed constituent of proteins. 

i. Feucine (a-amino-isocaproic acid). 


OH—(m,- CH— coon 


Leucine was isolated from cheese by Proust, who called 
it '‘oxide caseeux.^’ He did not recognize it as a 
decomposition product of proteins. It was identified 
and named by Braconnot in 1820. 

2. Monoainino-dicarhoxylic acids, 

a. As[)artic acid (a-aminosuccinic acid). 

HOOC—CTH,—CH—COOH 


This amino acid can be obtained from a^sparagine (the 
amide of aspartic acid), which is present in Asparagus 
officinalis and many other plants, 
b. Glutamic acid (a-aminoglutaric acid). 


HOOC—CH,—CH3--CH—COOH 
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Glutamic acid is a prominent constituent of gliadin 
(one of the proteins of wheat) ; indeed, it comprises 
about 43 per cent of this protein. The sodium salt 
of glutamic acid is used widely as a meat flavoring for 
soups, gravy, etc. 

3, Diamino-monocarioxylic acids. 

a. Lysine (or-c-diaminocaproic acid). 

OIL,—ClV-OlI^—(UV (Ul C()C)J1 

I I 

NHj NH, 

Drechsel isolated lysine in 1889. The epsilon-amino 
group of lysine is thought to exist as a free amino group 
ill proteins. 

b. Arginine (a-amino-8-guanidovaleric acid). 

NH H 

li I 

H,N—C ~ N~ -car,- CH,—CH,---CH--COOH 

i 

NH, 

Hedin in 1895 isolated arginine from a protein hy¬ 
drolysate. It is thought to be present in all vegetable 
proteins. Some of the simplest proteins, such as salmine 
from the salmon sperm, contain as mucli as 88 per cent 
arginine. 

*c. Citrulline (a-amino-S~carbamidovaleric acid). 

/ NH—OH,— CH— COOII 
fcO I 

\NH, NH, 

Citrulline was first isolated in xjure form from the 
juice of watermelons. It is believed by many to play 
an intermediate role in the formation of urea in the 
animal body (see page 649). 

4. Sulfur-containing amino acids. 

a. Cystine [di(j8-thio-a-aminopropionic acid)] 

CH,—S~S—CH, 

hAnh, 

ioOH COOH 
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This amino acid was discovered in 1810 by Wollaston. 
It is a sulfur-containing amino acid that is a prominent 
constituent of the protein in hair. The cystine content 
of human hair is about 16 per cent. 

An amino acid that is closely related to cystine is 
cysteine (a-amino-jS-thiolactic acid). 

SH 


IICNH, 

COOH 

Little doubt exists as to the occurrence of cysteine 
in native proteins. This amino acid contains the sulf- 
hydryl group (—SH), which is readily oxidized to the 
disulfide linkage (—S—S—) of cystine. Several meth¬ 
ods for the colorimetric determination of cystine depend 
on its reduction to cysteine, which reacts with some 
of the reagents to form a colored compound. 

*b. Djenkolic acid. 

S —CH, — S 

CH, 

HCNH, hAnH, 

Aooh Aooh 

The Dutch workers, van Veen and Hyman, isolated 
djenkolic acid in 1933 from djenkol nuts. The acid 
contains two sulfur atoms and two amino groups. In 
1936 it was syntliesized by du Vigneaud. 
c. Methionine (y-methylthiol-a-amino-butyric acid). 

CH,—-- CH—COOH 

I 

NH, 

In 1922 Mueller isolated methionine from casein. This 
sulfur-containing amino acid is a dietary essential. In 
the animal body cystine and cysteine can be produced 
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from methionine, but the reverse reaction is not pos¬ 
sible. A minimal supply of methionine, which cannot 
be replaced by cystine or other sulfur-containing 
amino acids, must be present for an adequate diet. 
Synthetic methionine is now a commercial product. 
Its price has fallen from $506 per kilogram in 1945 
to $25 per kilogram in 1948. 

^d. Lanthionine. 

CH, — S — CH, 

H^NH, HCNH, 
ioOH COOH 

This amino acid first was isolated by Horn, Jones, and 
Ringel in 1941 from wool that had been treated with 
sodium carbonate. Later it was isolated from other 
proteins that had been treated with sodium carbonate. 
It remains to be demonstrated that this amino acid 
occurs in native proteins. 

B. Aromatic Amino Acids. 

a. Phenylalanine ()9-phenyl-a-aminopropionic acid)! 


/ \- COOH 

\_/ I 

NH, 

Schulze isolated phenylalanine in 1879. It is the 
aromatic analogue of alanine, 
b. Tyrosine (/?-parahydroxyphenyl-a-aniinopropionic acid). 


Ho{ \-CH,-CH- 
\_/ I 


GOOH 


Tyrosine was isolated in 1846 by Liebig. It can be con¬ 
sidered as the hydroxyl derivative of phenylalanine. 
Tyrosine, in the presence of tyrosinase and gaseous 
oxygen, readily forms colored products. The oxidation 
of tyrosine is responsible for the darkening of apples 
and potatoes when they are exposed to the air. Tyrosine 
is unusual among the amino acids in that it is sparingly 
soluble in water. 
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*c. Dopa (3,4-dihydroxyphenylalanine). 


CH^—CH— coon 


OH 


NH, 

OH 


This amino acid lias never been isolated from a protein, 
but it occurs free in certain plants. In the presence of 
dopa oxidase, it is thought to be converted to melanin, 
the characteristic pigment of skin and hair (see page 
654). 

C. Heterocyclic Amino Acids. 

a. Tryptophan (jd-indol-a-aminopropionic acid). 


N 


-CH,—CH—COOH 

I 

NIL 


H 


Tryptophan has been detected in seedlings of peas, 
vetch, and soybeans. Hopkins and Cole isolated it in 
1901. Due to the presence of the indol group in 
tryptophan, it reacts with many reagents to give colored 
products, which can be used for its identification. 
Gramicidin, an antibiotic, contains about 40 per cent 
tryi)tophan. This is 5 times the quantity present in 
the protein of highest laiown tryptophan content, 
b. Proline (pyrrolidine-a-carboxylic acid). 

H,C ■— CH, 

H,(!; CH—COOH 

V 

H 

Proline is soluble in alcohol but not in water. It is 
not a true a-amino acid, but, in reality, is an imino 
compound (—NH— is called the imino group). The 



'ROTEINS AND AMINO AOIDS 




prolaiiiiiies, a class of proteins obtained froiii cereal 
j^rains, contain a high percentage of ])roliiie. (iliadin, 
from wlieat, contains 12 per cent proline, Oelatin 
contains 15 per cent of this amino acid, 
c. Hydroxyproline (4-hydroxy-py]*rolidine-2-carboxylie 
acid, y-hydroxyproline). 


H 


^ ~~ CM, 

IIO^I 1 


H,0 OH- (X3()H 

\ / 


N 

IT 


Hydroxypi'oliiie is soluble in water. Tt differs from 
proline in the ]*e])]acement of one hydrogen atom by an 
hydroxyl gjwip, bbscher isolated it in 1902, 
d. Histidine (/?-imidazole-a-aminopropionic acid). 

HO 0—cn--CH- CXX)H 

t I ‘ I 

HN N NH, 

\ / 
c 

H 


This amino acid was isolated in 1896. Histidine, 
arginine, and lysine are often known as the hexone 
bases, since they all contain six caihon atoms and an 
excess of basic amino groups over a(*idi(*. carboxyl 
groups. 

D. Other Amino Acids. 

a. Thyroxine [^-(3,5,3',5'-tetraiodo-4'-hydroxydiphenyl 
ether)-a-aminopropionic acid]. 


I 


I 


HO 


O 




-CHr-CHr-COOH 

iiHj 


Thyroxine was isolated by Kendall in 1919. It is the 
only amino acid known to have the properties of a hor- 
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monc. It occurs in a combined form in thyroglobulin, 
which is the chief protein of the thyroid gland. 
Thyroxine regulates the oxidative processes in the 
body. Kendall has estimated that the injection of one 
milligram of thyroxine will cause an increase in the 
carbon dioxide output of the body of approximately 
400,000 milligrams. 

b, lodogorgoic acid (3,5-diiodotyrosine). 


HO 


/ \ 
\ /■ 


-CH~CH—COOH 

I 

NH., 


lodogorgoic acid is closely related to thyroxine in 
structure. The ancient Greeks considered ground 
sponges to be specific remedies for goiter. The belief 
later was ridiculed until it was found that the protein 
of sponges contains 1.0 to 1.5 per cent of iodine as the 
amino acid, iodogorgoic acid. If the iodine atoms in 
iodogorgoic acid are replaced by bromine atoms, an 
amino acid, called dibromotyrosine, is obtained. It has 
been found to be a constituent of corals. 

Synthesis of Amino Acids. —The structure of an amino acid 
is not proved until it has been synthesized in the laboratory. 
Two methods available for such syntheses will be considered. 
One of these is the reaction of an a-chloro-ester with ammonia. 


CH,COOC,H, + NH, CH,COOG,H, + HCl 

I I 

Cl NH, 

a-Chloro-ester 


hydrolysis 
—^-> 


CHjCOOH + C,H,OH 

i 

NH, 

Glycine 


Another method of synthesizing amino acids involves the 
action of an aldehyde and hydrocyanic acid (Strecker reaction). 

0 H H H 

II HCN I NH, I hydrolysis I 

CH,C—H-> CHj—C—CN-^ CHj—C—CN-> CH,~C—COOH 

I I dilute acid | 

OH NH, NE, 

Acetaldehyde Alamn© 
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Physical Properties of the Amino Acids. —The amino acids 
are white, crystalline solids. Almost all of them except tyrosine 
and cystine are water soluble. Proline and hydroxyproline are 
the only amino acids that are soluble in alcohol. Some of the 
amino acids are sweet, many are tasteless, and some are bitter. 

Stereoisomerism and Optical Activity of the Amino Acids.— 
As was true in the ease of the sugars, almost all of the amino 
acids contain at least one asymmetric carbon atom; therefore, 
they exhibit stereoisomerism. The prefixes d- and l- are used 
before the names of the amino acids to denote the spatial con¬ 
figuration of the asymmetric «-carbon atom in the amino acid. 
The structural fonriulas of the amino acids belonging to the 
L-family can be depicted in the usual manner with the amino 
group on the left of the a-carbon atom, while those with the 
amino groii]) shown to the right belong to tlio n-family.’* 

TOOK 

H,N—C~H 

I 

E 

Type formula for an L-amino acid 

When it is desired to show the direction of optical rotation 
of an amino acid, a + (dextrorotatory) or a “ (levorotatory) sign 
is placed before the name of the acid. Most of the naturally oc¬ 
curring amino acids are levorotatory (-), but some arc dextro¬ 
rotatory (-f). The amino acids obtained by synthetic means are 
composed of equal amounts of the dextro- and levo-isomers and 
are, consequently, optically inactive. Special methods of resolu¬ 
tion (discussed on page 256) must be used to separate the o])- 
tieally active forms of amino acid from this racemic mixture. 

Essential Amino Acids. —Certain amino acids have been 
found indispensable for protein synthesis in the body; that is, 
unless these acids are present in the diet, pirotein synthesis is 
blocked. First conclusive results on this subject were of¬ 
fered by Rose and his co-workers. One of the techniques 

♦Older literature used ?- and d- instead of l- and d- for depicting: .spatial 
arrangement of the a-amlno group. The change to i.- and p- is made in 
accordance with the 1947 recommendation.s of the A.O.S. committee on 
chemical nomenclature. 
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they used was to feed young* rats a diet containing the 
necessary carbohydrate and fat plus a mixture of pure amino 
acids to supply the protein. Thus it was possible by varying 
the diet to discover which of the amino acids were the indis¬ 
pensable ones. Their criteria for ''essentiality'^ consisted in 
maintenance of a normal growth rate. Tliey concluded that 
the following amino acids were essential: 


Arginine 

Valine 

Ijeucine 

Isoleiieiue 

Threonine 


Phenylalanine 

Tryi^tophan 

Methionine 

Lysine 

Histidine 


At one time, cystine and tyrosine also were thought to be 
essential. Experimental results have shown, however, that 
tyrosine can be omitted from the diet if sufficient phenylalanine 
is fed. Likewise, cystine need not be su])i)]ied by the diet if 
sufficient methionine is fed. 

Care must be taken in a])plying too literally the results ob¬ 
tained on experimental animals to Jiuman nutrition. Obviously, 
the cost and labor involved in the preparation of sufficient 
amounts of amino acids to be used in extensive experiments 
on humans is prohibitive. Pecent results on a limited number 
of humans, however, seem to confirm the list of essential amino 
acids proposed by Pose although there is some doubt about the 
(essentiality of histidine. Pose and others have used nitrogen 
balance studies of human subjects as a criterion for essentiality 
of the amino acids. 

Animals that are fed a diet lacking or low in the essential 
amino acids fail to grow normally. Thus, in the final analysis, 
the quality of the protein in the diet depends on the amino acid 
content of the foodstuff. Certain proteins are classed as ‘in¬ 
complete proteins,^' because they are lacking in some of the 
essential amino acids. Gelatin lacks tryptophan and tyrosine, 
and is low in histidine; gliaden of wheat has been shown to be 
deficient in lysine; zein of corn is practically devoid of lysine 
and tryptophan. None of these proteins will support growth 
if they are the only source of protein in the diet. Vegetable 
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proteins, as a group, are often incomplete proteins, although 
soybean protein and pumpkin seed globulin are exceptions. As a 
rule, it is unsafe to allow them to constitute the sole source of 
protein in the diet without supplementing them with other pro¬ 
teins that contain adequate quantities of the missing amino acids. 

Chemical Properties of the Amino Acids. —The amino acids 
are amphoteric in nature; that is, they are able to form salts 
with either acids or liases. Such a {iroperty is best accounted 
for by the zwitter ion (hybrid or hermaphrodite ion) theory. 
Amino acids in aqueous solution exist chiefly in the form of 
zwitter ions. They carry both a positive and a negative charge; 
thus, they can react lioth with acids and with liases. 


I 

K--0--OOC)' 

I 

NH,^ 



U 

I 

H (XIOJI 

I 

NTLHCl 






H 

I 

K—0 -COOxNn 

I 

Nil, 


][ 

I 

]; . „0-_ (XKIII 

I 

NH/ 


c\- 


II 

I 

CX)0- 

I 

NH, 


Nn* 


Since amino acids contain the acidic carboxyl group and the 
basic amino group, it would be expected that they would react 
with each other with the elimination of water to foiun a 
0 H 

II I type of linkage. Evidently this takes place in living 

_C_N— 

processes, for the preponderant type qf coupling of amino acids 
in proteina is by this linkage, termed the peptide linkage. The 
formation of the peptide linkage by the reaction of two molecules 
of glycine can be represented as follows: 

O O OHO 

/_ // w \ ^ // 

CH—C—iOHl + CH,-—C—OH CH —C—N—CH,—C—OH + Ufi 

I I _I I 

NH, !_HjNH NH, 

Glycine Glycine Glycylglycine 


More than two amino acids can be linked together in this fashion, 
and the acids need not necessarily be of the same kind. 
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Long-chain polypeptides cannot be prepared in the laboratory 
by the direct reaction of amino acids. Emil FLscher, by indirect 
methods, was able to carry out the laboratory synthesis of high- 
molecular weight polypeptides. He succeeded in linking 18 
amino acids together with jiolypeptide linkages by the reaction 
of the a-halogen-substituted carboxylic acid chloride with an 
amino acid. The halogen of the resulting compound is replaced 
by an amino group when the compound is treated with ammonia. 


0 

CH,d^Cl + 

1 

H 

1 

H 

1 

0 

H H 

1 

N- 

1 

1 

-C—COOH 

1 

CH,— 

1 

i—COOH + HCl 

1 

1 

C] 

1 

H 

I 

H 

1 

Cl 



O H 

NH. II I 

-> CH,—C~N—CH,—COOH 

I 

NH, 

Glycyl glycine 

The foregoing equation illustrates the s}mtliesis of a dipeptide. 
If a more complex polypeptide is desired, the acid chloride is 
formed from the product resulting from the first step in the 
reaction. The acid chloride then is reacted further with an 
amino acid, and the reaction is continued in this fashion until 
the desired length Of chain is obtained. The product finally is 
treated with ammonia, which replaces the chlorine atom by an 
amino group to give the polypeptide. 

Other methods of synthesizing polypeptides also have been 
developed, and are described in more advanced organic chemistry 
textbooks. The high-molecular weight polypeptides are similar 
in a number of respects to proteins. They show the biuret re¬ 
action (see page 572) typical of all proteins; they can be salted 
out by neutral salts in the same manner as the proteins; and they 
are hydrolyzed by the peptidases of the intestinal mucosa. 

A recent announcement that may have far-reaching conse¬ 
quences in the field of protein chemistry both from theoretical 
and practical standpoints is that of Woodward, one of the 
scientists who synthesized quinine. He reported the polymeriza- 
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tion of anhydrides of N-carboxy-a-ainino acids to substances 
with rnolecular weights in the range of 1 to 1.5 million. The 
polymers were cast into tough, mcehanically stable films, and 
also were drawn into fibers. The polymerization was carried 
out at room temperature. Thus he pre])ared a synthetic ma¬ 
terial resem])ling natural jxroteins from derivalives of a:-amino 
acids. 

Certain investigators believe that linkages other than the 
peptide linkage also may be present in jiroteins. The bulk of the 
experimental work, however, seems to confirm the idea that the 
principal linkage in the protein molecule is the peptide linkage. 

The tripeptide glutathione is of special interest, for it is pres¬ 
ent in most cells, where apparently it serves as a hydrogen 
carrier. The sulfhydryl grou]) (-—811) in the molecule easily is 
oxidized to the disulfide form (—S—S—), and this form easily 
can be reduced back to the —SIl form. The reaction is similar to 
the interconversion of cysteine and cystine. 

HOOC--CII-CH,—CHj—CONH—CH~CONH--CH,-~COOH 

NH, in^sH 

Glutatbioiie 

(y-GIiitamyl-cysteinylglycine) 

Reaction with nitrous acid. The amino acids react with 
nitrous acid to form an alcohol and elementary nitrogen. 

R—CH—COOH + HON^O -> R—CH—COOH + + H.O 

I I 

NH, OH 

a-Amino acid Nitrous acid Alcohol Nitrogen 

The Van Slyke method for the determination of a-ajnino 
nitrogen is based on this reaction. The method can be used suc¬ 
cessfully for following the rate of protein hydrolysis, for, as the 
protein is hydrolyzed (broken down into free amino acids), 
more a-amino groups, which react with the nitrous acid, are 
liberate*d. 

Reaction with ninhydrin (triketohydrindene hydrate). Van 
Slyke and his co-workers published a paper late in 1941 de¬ 
scribing a procedure for the quantitative determination of free 
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amino acids by the use of ninhydrin. The method depends on 
the measurement of carbon dioxide formed by the reaction be¬ 
tween free amino acids and ninhydrin. 


O 

II 

/\/\ H 

\ /OH I 
C( + ECCOOII 
. . / \OH I 

\/V 

II 

0 

Ninhydrin 


O 

II 

(■: 


\ 


i 

Reduced 

ninhydrin 


\ /H 

C( + RCHO + CO, + NH, 
/ \OH 


If the reaction is carried out above pll 4, tiic ammonia con¬ 
denses with ninhydrin and its reduction product to give a com¬ 
pound with a l)lue to purple color. It has the following striu*,- 
tural formula: 



The quantitative method described by Van Slyke is uniquely 
specific for free amino acids in that it requires the presence, in 
the free, uncombined state, of both the carboxyl and the neigh¬ 
boring NH 2 or —NH—dig group. Peptides (other than 
glutathione) do not evolve carbon dioxide under the conditions 
of the determination, and only 0.03 per cent of the total nitro¬ 
gen of such proteins as casein is estimated by the method. 
Hence, the method is capable of determining free amino acids 
in the presence of proteins and peptides. 

An acidity of pH 2.5 was found most suitable for the de¬ 
termination of free amino acids in a mixture such as is obtained 
by the partial hydrolysis of a protein. 
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The carbon dioxide evolved in the reaction can be dctennined 
by a titration method using barium hydroxide as an absorbent 
for the carbon dioxide. 

The method appears to be quicker and to require less skill to 
perform than the older Van Slyke a-amino nitrogen method. 

Reaction ivith formaldehyde. The amino acids react with 
rormaldeliyde to mask the amino group so that the carboxyl 
group acts as a simple oi'ganie acid. lienee the amino acid is 
no loiigm* amphoteric but reacts only as an acid and thus it is 
possible to determine the ‘‘free carboxyl groups” by titration 
with a standardized solution of sodium hydroxide. The method 
is known as Sorensen's titration, and can be used in following the 
hydrolysis of proteins, for as the hydrolysis proceeds, more 
carboxyl, as well as amino, groups arc set free. 

Microbiological Assay of Amino Acids.—In the last decade 
the micT*{)bi()logi('al assay method i‘ur the determination of 
amino acids has been developed. Alicroorganisms require for 
theii* gi'owth many of those su])stanees that are now known to 
be essemtial constituents of all living cells; therefore, their 
growth can be us(‘d as a measur(mK‘nt of certain of these specific 
substances in a cai'cfully planned medium. The sample to be 
analyzed is run at a series of concentrations with controls of 
the pure substance to be determined run at the same dilutions. 
Lactic acid bacteria and mutant cultures of Nenrspora crassa 
and of Escherichia coli have been used for this type of investiga¬ 
tion. When‘lactic acid bacteria are used, their growth can be 
measured either by the number of organisms present in the 
medium or more commonly by titration of the acid produced as 
a [)y-product of growth. 

The microbiological assay method lias certain advantages 
over other methods used for determining amino acids in pro¬ 
teins. No tedious and laborious separations are necessary as 
in many types of protein analysis; the method requires only 
simple laboratory equipment readily available, and it requires 
only small quantities of material. The results agree well with 
the older tested methods. 
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Proteins 

Protein Classification. —The criteria usually used for identi¬ 
fying compounds, such as boiling point, melting point, molecu¬ 
lar weight, crystalline form, etc., are of little use in characteriz¬ 
ing proteins, for in so many cases these characteristic's are not 
definitely laiown. Protein classification, therefore, depends 
chiefly on difference's in solubility and to a limited extent on 
constitution. The three large divisions are: (A) simple ])ro- 
teins, (B) conjugated proteins, and (C) derived proteins. 

(A) Simple Proteins. — The simple proteins yield chiefly amino 
acids or their derivatives on hydrolysis. They are divided into 
the following seven subgroups: 

1. Albumins. Tlie albumins are soluble in water and dilute 
salt solutions, and are coagulated by heat. Typical examples 
are egg albumin, lactalbumin from milk, serum albumin from 
blood serum, and leueosin from wheat. 

2. Globulins. The globulins are insoluble in water, but are 
soluble in dilute solutions of neutral salts, as, for example, 5 
per cent sodium cJiloride. In general, they are coagulated by 
heat. Examples of this class are serum globulin from blood 
serum, fibrinogen from blood plasma, edestin from hemp seed, 
and legumin from legume seeds. The vegetable globulins form 
the major portion of the protein of most seeds except cereals, 
and are among the most common protein reserves. 

3. Glutelins. The glutelins are insoluble in water, neutral 
salt solutions, and alcohol, but will dissolve in dilute acids and 
alkalies. They represent a small group of proteins that are 
exclusively of plant origin. Characteristic glutelins are glutenin 
from wheat endosperm, and oryzenin from rice. 

4. Prolamines. The prolamines are insoluble in water, ab¬ 
solute alcohol, and other neutral solvents, but are soluble in 70 
to 80 per cent alcohol. The proteins of cereal grains are com¬ 
posed largely of prolamines. With the exception of lacto- 
prolamine from milk, prolamines are obtained only from cereal 
grains. The name itself is derived from the fact that these 
proteins contain a high percentage of the amino acid proline. 
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Examples of ty])ieal prolamines are gliadin from wheat and 
rye, zein from eoni endosperm, and hordein from barley endo¬ 
sperm. 

If water is added to wheat flour and the dough thus formed 
is kneaded under a stream of water to wash out the starch, the 
yellow, elastic mass that remains is known as crude gluten. 
The two proteins, gliadin and glutenin, can be separated from 
this material if desired. Both the quantity and the quality of 
this crude gluten determine the baking quality of a flour. A 
number of years ago, the quality, and accordingly the price, of 
wheat was based upon the amount of crude gluten obtained 
from a given weight of grain. At the present time, cereal 
chemists base their judgment of the quality of wheat on the 
nitrogen content of the wheat as determined by the Kjeldahl 
method and upon experimental baking tests on the finished 
flour. In the routine buying of wheat by flour mills, the nitro¬ 
gen content is often the only criterion used for judging wheat 
quality. 

Many mechanical devices have been invented for testing 
dough with the object of ascertaining its suitability for baking, 
especially for breadmaking. These instruments, such as the 
farinograph and the extensorneter, test the tensile strength of 
the dough. A **strong'^ flour, in the terminology of the cereal 
chemist, is one in which the gluten has vSiifficient tensile strength 
so that it will give the desired volume in a loaf of bread. 
By the same standards, a *^wcak’^ flour tends to give a flat loaf 
or small volume. Hard winter and spring wheats tend to give 
strong flours; whereas soft wheats give a weak flour, which is 
better adapted to the making of pastry and cakes than of bread. 
Soft wheats; are grown in warm climates, while hard wheats are 
grown farther north. 

5. Albuminoids. The albuminoids sometimes are called 
scleroproteins. They are insoluble in all the solvents mentioned 
thus far. It is questionable whether or not they are soluble 
in any solvent without being altered chemically. Examples of 
albuminoids are keratins from such epidermal tissue as horns, 
hoofs, hair, hides, and fingernails; collagen from tendons; 
elastin from ligaments; and fibroin from silk. Gelatin usually 
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is included in this group, since it is obtained from hoofs and 
hides, although its physical properties are not characteristic 
of the true albuminoids. 

6. Histones. The histones arc soluble in water, dilute acids, 
and strong bases, but are precipitated from water by ammonium 
hydroxide. Some of them are not coagulated by heat. The chief 
source of histones is glandular tissue. Typical examples are 
thymus histone fi'oJii llie tliymus gland and glo])in^ fcom lieirio- 
globin. Histones are basic proteins, but not to the same degree 
as are the protamines. Histones give many amino acids on 
hydrolysis, but the basic amino acids (histidine, lysine, and 
arginine) predominate. 

7. Protamines. Protamines ])ossess strongly basic properties. 
They are soluble in water and ammonia, and are not coagulated 
by heat. They are the simplest of all naturally occurring 
proteins. Some investigators regard them as large polypeptides. 
On hydrolysis they yield only a few amino acids, of which 
arginine predominates. The protamines have been obtained 
mainly from the sperm of fish. Examples are salmine from 
salmon sperm, which contains 88 per cent arginine, and sturinc 
from sturgeon s])erm. Protamines are the only proteins that do 
not contain combined sulfur. 

(B) Conjugated Proteins. —Conjugated or compound pro¬ 
teins are substances that yield a simple protein plus a non- 
protein, or prosthetic, group on hydrolysis. 

1. Phosphoprotems. The prosthetic group in this class of 
conjugated proteins is phosjjhoric acid, which is assumed to 
be in combination by an ester linkage with tlie hydroxyl 
groups in hydroxy amino acids. Examples of phosphopro- 
teins are casein from milk and vitellin from egg yolk. 

2. Glycoproteins. The additional group in glycoproteins is 
a carbohydrate. Mucoids obtained from egg white, tendons, 
cartilage, and walls of the blood vessels; and mucins from 

♦It has been suggested that globins be clavSeifiod as a separate group 
since they differ from histones in isoelectric point and amino acid com¬ 
position. Histones contain high percentages of arginine and isoleuclne but 
only traces of tryptophan. Globins, on the other hand, contain average 
quantities of arginine and tryptophan and are unusual in their high content 
of histidine and deficiency of isoleucine. The solubility behavior of histones 
and globulins, however, are similar. 
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saliva and egg white are examples of glycoproteins. Certain 
of the mucins contain as much as 15 per cent carbohydrate, 
which is thought to be largely mannose and galactose. The 
protein making up most of the structure of the jellyfish is a 
glycoprotein. 

3. Nucleoproteins .—Nucleoproteins are compounds of nu¬ 
cleic acid and basic proteins, usually a histone or a protamine. 
They make up the greater part of the chromatin material of cell 
nuclei, chromatin l)eiiig Ihe structural material of chromosomes. 
Nucleoproteins are present in all living cells that contain nuclei, 
and some recent evidence indicates that nucleoproteins also may 
be present in cytoplasm (protoplasm outside of nucleus). 
Wheat embryos serve as an important source of nucleoproteins. 
They also have been i.solated from yeast cells and thymus gland. 

The mode of linkage between the protein and the nucleic acid 
is not definitely known. The two can be separated easily; and 
when nucleic acid is decomposed, it yields phosphoric acid, a 
carbohydrate, and iiyrimidine and purine bases. The sugar 
from the nucleic aedds of yeast and other plants is ribose, while 
that from thymus nucleic acid is desoxyribosc. 

4. Chrornoproieins. As the name chronioprotcin suggests, the 
prosthetic group in this (lass of proteins is colored. A familiar 
example is the hemoglobin of blood. The colored prosthetic 
group is an iron-containing compound called heme. The hemo¬ 
globin molecule is about 9G per cent globin and 4 per cent heme. 
(For a more detailed discussion of the chemistry and function 
of hemoglobin see page 590.) 

Another chromoprotein is melanin, the pigment in black 
feathers, wool, and hair. It also is the pigment in human skin 
responsible for the color of freckles and sun tan. It is present 
in much higher concentration in Negro skin. It has been shown 
that melanin absorbs ultraviolet light so that it functions to 
protect the lower layers of the skin from the deleterious effect 
of overexposure to this form of radiant energy. 

The respiratory pigment of oysters, mollusks, lobsters, and 
other Crustacea is hemocyanin, in which copper has replaced 
the iron of hemoglobin. The oxygenated respiratory pigment 
of these species is blue instead of red. 
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Visual puri)le of tlie retina of the eye is a cliromoprotein in 
which the prosthetic ^roup is vitamin A or a closely related sub¬ 
stance. If the diet is deficient in vitamin A (see page 727), the 
normal amount of visual purple fails to develop, and a nutri¬ 
tional tyi)e of ‘'night blindness’’ results. 

5. Lecithoproieins, In these proteins the conjugated group is 
lecithin or another phospholipid. Thromboplastin (often 
termed thrombokinase) is an example of this class. It is one 
of tile substances necessary for the coagulation of blood. It 
occurs most abundantly in lung tissue where perhaps it func- 
tions to prevent hemorrhages in the many fine capillaries. 

(C) Derived Proteins.—These proteins do not occur natu¬ 
rally. The term includes those proteins that have been 
changed in their properties by the action of physical or chemi¬ 
cal agents. Derived proteins can be divided into two groups: 
(1) primary derived proteins, in which there is no change in 
molecular weight or particle size; and (2) secondary derived 
proteins, which are products of smaller molecular weight or 
size than the original protein. 

1. Primary derived proteins. The cliaracteristic solubility 
behavior of native proteins is changed by the action of a num¬ 
ber of agents. Coagulated egg albumin is a familiar example 
of the effect of heat on a protein. The irradiation of an aqueous 
solution of egg albumin with ultraviolet radiant energy also will 
coagulate the protein. Another example of the effect of radiant 
energy on proteins is the use of x-rays to destroy cancer cells. 
One reason for the destruction of the cancer cells by x-rays is the 
coagulation or denaturation of the x>rotein. Fortunately, the 
protein of cancer cells is more sensitive to the action of the 
x-rays than is that of the normal tissue cells. 

Ultrasonic waves have been shown to coagulate proteins. 
They are waves of very high frequency that are inaudible to 
human ears. Tlie action of acid on globulins causes them to 
lose their solubility in dilute salt solutions. The proteins thus 
obtained are termed proteans. The transformation of edestin to 
edestan by the action of acid is an example of this transforma¬ 
tion. Proteins also are denatured by the action of detergents, 
such as the sulfated alcohols (like Dreft). Another method 
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of preparing derived proteins is by surface denaturaiion. This 
can be brought about by vigorous shaking, foaming, or the pass¬ 
ing of a current of inert gas through a protein solution. 

2. Secondary derived proteins. Secondary derived proteins 
are the hydrolytic products of proteins; that is, they are sub¬ 
stances of smaller molecular weight than the original protein. 
The hydrolysis of proteins can be depicted as: 

Protein —> Proteoses —> Peptones —> Peptides —> Amino acids 

The proteoses can be precipitated by saturating the solution 
with ammonium sulfate. Peptones will not precipitate when 
the solution is saturated with ammonium sulfate. Essentially, 
they are mixtures of polypeptides of unknown composition. 
The peptides contain only a few amino acids linked together, 
and cannot be precipitated by ammonium sulfate. Precipita¬ 
tion of the protein split products is dependent on the size of 
the protein fragments. The larger the fragment, the lower the 
concentration of ammonium sulfate required to precipitate it. 

The foregoing classification of proteins is useful for general 
purposes, but it is far from satisfactory. For example, 
globulins are defined as proteins soluble in dilute solutions of 
neutral salts. Gortner and co-workers have raised the pertinent 
question: What salts and what concentrations? They found 
that with regard to the effectiveness of the dispersing (peptiz¬ 
ing) action of neutral inorganic salts, a lyotropic series exists. 
The order of effectiveness of salts as dispersing agents for cereal 
proteins was found to be: 

KF < KCl < KBr < KI 

However, any changes in the protein classification would 
cause much confusion in the chemical literature and would de¬ 
stroy many of the benefits resulting from the existing classifica¬ 
tion. 

Methods of Isolating Proteins. —If it is desired to isolate 
the different classes of proteins from a material, a number of 
procedures may be followed. For example, in the case of seeds, 
the proteins can be separated conveniently by proper treatment 
of the ground, dry material. The albumins are extracted with 
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water, the globulins with 5 per cent sodium chloride, prolamines 
with 70 to 80 per cent alcohol, and the glutelins are extracted 
from the residue with dilute alkali. Different solutions of 
proteins thus are obtained, and it is then necessary to precipi¬ 
tate the proteins from the solutions. 

To isolate the albumins from the aqueous solution, sufficient 
ammonium sulfate is added to saturate the solution, whereupon 
the albumins precipitate. The solution containing the globulins 
is mixed with an equal volume of a saturated solution of am¬ 
monium sulfate, and the globulins precipitate. The globulins 
also can be isolated by pouring the salt solution into a ccllo- 
pliane bag and dialyzing against running water. The piocess 
of dialysis consists in a '^straining or sieving out^^ of the 
protein molecules. The inorganic ions are diffusible, and pass 
through the cellophane bag, whereas the large protein molecules 
arc retained. After the major ])ortion of tlie inorganic salts 
has been removed by dialysis against running water, the re¬ 
mainder can be removed by electrodialysis. This process is 
carried out in an apparatus wdth three compartments. Tlie 
protein solution is x)laced in the middle one, which is separated 
from the others by membranes of parchment or cellophane. 
Usually an electrode of carbon or i)latinum is placed in each 
of the end compartments, and a direct current under a i)otential 
of 110 to 250 volts is applied. Under the influence of this high 
voltage, the inorganic ions migrate through the cellophane or 
parchment membranes to the end compartments. Water is kept 
circulating through the electrode compartments in order to keep 
the protein solution cool and to carry away the inorganic ions. 
When the salts have been removed in this way, the globulins 
precipitate. 

The prolamines are precipitated by diluting the alcoholic solu¬ 
tion with water. The glutelins are separated by the addition 
of acid to the point of maximum precipitation. 

Such a procedure is a typical process for the isolation of the 
simple proteins from the reserve proteins in plant seeds. For 
the isolation of proteins from fresh plant material or animal 
tissue, freezing often is used as a means of breaking the cell 
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structure and rendering the protein material available for ex~ 
traction with solvents. Tlie material can be frozen at a slow 
rate and allowed to thaw, and the proteins can be separated by 
methods already described or, for the isolation of proteins other 
than those found in seeds, by methods described in laboratory 
manuals of biochemistry. 

An alternate method of treating fresh material is to freeze it 
and then grind it in the frozen state, the protein being ex¬ 
tracted after tlie ground material thaws. The proteins that 
are in solution arc .sci)ai*ated from tlie rmdissolved residue by 
pressing through cloth, centrifuging, and, in some eases, by 
filtration, although frequently tlu^ i)ores of the filter papiu^ clog 
and filtration is very slow. 

The methods tliat have been described yield a protein in the 
moist state, which soon undergoes bacterial putrefaction unless 
it is kept at a low temperature or in the presence of some pre¬ 
servative. It often is desira))le to obtain the protein in a dry 
state. To accomi)lisli this without denatui'ing or altering the 
protein has been, and still is, one of the most perplexing prob¬ 
lems of the pi'otein clumiist. One method of obtaining a dry 
protein that is altered only slightly in chnractei* is to precipitate 
it with cold (“5^ (J.) 95 per cent alcoliol; filter it on a hardened 
filter paper, using reduced jn-essure; and wash it with absolute 
alcohol and absolute ether. The drying process is (mmpleted 
in a desiccator over concentrated sulfuric acid. 

Proteins sometimes have been obtaiiuid in the dry state by 
precipitation with acetone, wasliing with absolute acetone, and 
drying in a desiccator over sulfuric acid. 

Still another method of obtaining a dry protein, and a method 
claimed to cause the least denaturation, is the lyophilization 
method. This method is carried out ))y first freezing the puri¬ 
fied protein in a suitable container, su(*h as a i‘ound-bot- 
torned flask. The container then is (‘onnected to an efficient 
mechanical vacuum pump and the va])ors passed through 
a condenser surrounded by ether and dry ice (solid COg). 
The water vapor thus is frozen out as it sublimes from 
the protein material. By this procedure the protein is ob- 
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tained as a dry, powdery material that has never been exposed 
to temperatures that would denature it. 

Precipitation of Proteins. —Often it is desirable to separate 
proteins from a solution that contains other materials. This 
usually is accomplished by means of protein precipitating 
reagents. For example, in the analysis of a carbohydrate 
material, it may be necessary to remove protein before the 
analysis of the carl)ohydrate; or for the determination of the 
total protein content of a material, a method of separating the 
protein is necessary. Substances that are used to precipitate 
proteins are phosphotungstic acid, trichloroacetic acid, sulfo- 
salicylic acid, picric acid, tannic acid, and salts of heavy 
metals, such as copi^er, mercury, or silver. These substances 
form insoluble complexes with the protein material, from which 
the protein can be recovered in some instances; in other cases 
(for example, if only the nitrogen content is to be determined), 
this step of obtaining the free protein is not necessaiy. The 
separation of proteins by means of these precipitating agents 
is not used if the material is to be used for physicochemical 
measurements, such as molecular weight determinations, since 
the proteins usually are modified by the action of the precipitat¬ 
ing agents. 

Color Reactions of the Proteins. —The color reactions given 
by proteins are dependent on certain types of linkage in the 
protein molecule, or on the presence of specific amino acids. 
Some of the tests are general for all proteins; others arc specific 
for certain amino acids in the protein. 

1. Biuret test. The test is carried out by adding 2 to 3 cc. 
of 20 per cent sodium hydroxide to an equal volume of the solu¬ 
tion being tested. Then a few drops of 0.5 per cent copper 
sulfate solution are added. If protein is present, a blue or 
violet color develops. Smaller molecules, such as proteoses and 
peptones, yield a pink or pink-violet color. Free amino acids 
do not form a color; hence the biuret test can be used to de¬ 
termine the completeness of a protein hydrolysis. 

The test is positive for compounds that contain acid amide 
groups in close proximity, such as in the peptide linkages in 
chains of amino acids. Such compounds as biuret (from 
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whence the test derived its name) and malonamide give posi¬ 
tive tests, since tliey, too, have amide groups close together in 
the molecule. 
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2. Xanthoproteic test. Anyone who has spilled nitric acid 
on his skin has seen the xanthoproteic test. Proteins assume a 
yellow color in the presence of concentrated nitric acid. If an 
excess of sodium hydroxide is then added so that the solution 
becomes alkaline, the yellow color turns to orange. The test 
depends on the formation of nitrobenzene or dinitrobenzene 
derivatives from the benzene nuclei present in the protein. The 
test, therefore, is specific for tyrosine and tryptophan. Phenyl¬ 
alanine does not nitrate easily; therefore, ordinarily it does not 
take part in the reaction. Gelatin gives only a faint color when 
the xanthoproteic test is a]>])lied, because it is deficient in 
tyrosine and t]*yp1o|)han. 

3. Millon\*i reaction. Heating a protein solution in the pres¬ 
ence of Millon’s reagent (mercury dissolved in nitric acid) causes 
the protein to precipitate. This precipitate is white, but when 
it is heated, it becomes a brick-red color. The test depends on 
the presence of tyrosine. Proteins that do not contain this 
amino acid will not give the test. The test is not satisfactory 
when tlie solution contains large amounts oC free chloride ion. 

4. Molisch test. This reaction is used in testing for the pres¬ 
ence of carbohydrate in a protein. To a small amount of 
protein solution arc added a few drops of an alcoholic solution 
of a-naphthol. The mixture then is layered over concentrated 
sulfuric acid. If carbohydrate is present in the protein, a red- 
purple ring forms at the zone of contact of the two liquids. 

5. Sulfur test. Proteins that have in their molecule sulfur- 
containing amino acids, such as cystine or methionine, are de- 
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composed with the formation of sodium sulfide wJien they are 
heated with sodium hydroxide. If a few drops of saturated 
lead acetate are added to such a solution, a brownish-black pre¬ 
cipitate of lead sulfide will result. 

Isoelectric Point of Proteins.—Like the amino acids, proteins 
are amphoteric in nature. The binding of acids and bases by 
proteins probably is due largely to the free amino and 
carboxyl groups, although the binding of acids and bases by 
adsorption, due to the colloidal nature of the ])roteiii, cannot 
be ruled out entirely as a factor. 

Glycylglycine, the simplest di})eptidc, will be used as.an 
example of a type of reaction that proteins undergo with acids 
and bases. At a certain pTT or zone of pH in the acid range, 
the peptide will carry a positive charge of electricity. Like¬ 
wise, in the alkaline ].)1I range, the pe])tidc will possess a nega¬ 
tive charge. At some intermediate pH there are an equiva¬ 
lent number of positive and negative charges, so that the 
peptide will be electrically neutral. 


HCl 

p -f cu.-comi- cH,-~ cooii <- 

I (any acid) 

NH3+ 

Acid side of isoelectric 
point, po.sitively charged 


CH^ -CONH—CH, -COO 

Electrically neutral, 
isoelectric point 
(^^zwitter ion^’) 


NaOH 

-^ 

(any base) 


CH3--CONH—CH^—COO- 

I 

NH, 

Alkaline side of isoelectric 
point, negatively charged 


+ Na’ 


If electrodes connected to a source of direct current are 
immersed in a solution of the peptide in the acid range, the 
peptide will migrate toward the negative pole, or cathode, 
thus behaving as a cation. In the basic range the peptide 
possessing a negative charge will act as an anion and will 
migrate toward the anode, or positive pole. It is obvious that 
at some pH the peptide will be electrically neutral and there 
will be no tendency for it to migrate toward either pole. At 
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this point, the peptide is said to be at its isoelectric point. The 
isoelectric point usually is defined in terms of pH. 

The simplest dipeptide has been used in explaining isoelectric 
point, but the principles hold equally well for proteins, since 
the amino acids are linked mainly by the peptide linkage in 
these compounds. There are free amino and carboxyl groups in 
proteins. 

Proteins are least soluble at their isoelectric point, and often 
are precipitated by adjusting their solution to the isoelectric 
pH with acid or alkali. Hydration (binding of water), as well 
as viscosity, is lowest at the isoelectric point. 

Each protein has its own characteristic isoelectric ])oint. A 
few examples are: 



pH 

Egg albumin 

4.t; 

Edestin 

().6 

Hemoglobin 

0.8 

Casein 

4.7 

Gelatin 

4.7 

Histone 

8.5 


Use has been made of the difference in the isolectrie points of 
insulin and of protamines in the treatment of diabetes with 
protamine insulinate. The isoelectric point of insulin is 5.3, 
that of protamines is about 12.2, while blood has a pH of about 
7.38 to 7.40. Heiice, protamines in the blood stream would be 
on the acid side of tlieir isoelectric point, and, accordingly, 
would possess a positive charge. Insulin, on the other hand, 
would be on the alkaline side of its isoelectric point, and, con¬ 
sequently, would be negatively charged. A combination of one 
part protamine to ten parts insulin is used for injection, and at 
the pH of blood the two substances are attracted to each other 
because of their electrical charges. The insulin is absorbed 
slowly from this combination, and thus becomes available to the 
patient in small amounts over a relatively long period, which 
lessens the necessity for frequent injections of insulin. 

Molecular Weight of Proteins. —^It is an accepted fact that 
the proteins are large complex molecules. Several metliods 
have been used in efforts to determine the molecular weight 
of proteins, but we shall consider only the ultracentrifuge 
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method. A prominent worker in this field, and the one who 
introduced the technic, is T. Svedberg of Sweden. The protein 
solutions are centrifuged at a speed as great as 75,000 r.p.m., 
which corresi)onds to a centrifugal force of approximately 
400,000 times gravity. The rate of sedimentation is deter¬ 
mined photographically through quartz or glass windows in 
the casing of the ultracentrifuge. When a number of other 
physical constants are known, the molecular weight of the 
protein can be determined by a complicated series of calcula¬ 
tions. Some of the molecular weights of various proteins de¬ 
termined by the ultracentrifuge technic are: 

Tobacco mosaic virus (>0,000,000 

Gliadin r>4,500 

Ilonioglobin (liorsc) (>8,000 

Serum albumin 70,000 

Biological Reactions of the Proteins.—The variations pos¬ 
sible in proteins can be appreciated if one thinks of them as 
different combinations of amino acids. If we were to assume 
that a protein is made up of 20 different amino acids, and 
that each acid occurred only once in the protein molecule, 
then there would be 24 x 10’^ possible ways of combining 

these same amino acids into proteins differing only in their 

internal eonfiguj-ations. In truth, most proteins have a far 
greater molecular weight than a compound built of only 20 
amino acids would have, and there are no proved rules limit¬ 
ing the number of times a certain amino acid can appear in 
a protein molecule; therefore, the number of combinations of 
amino acids possible for proteins is enormous. One of the 
wonders of nature is that particular proteins appear con¬ 
stantly to be synthesized by particular species from genera¬ 
tion to generation. Thus, casein isolated now from cow’s 
milk apparently is the same protein as casein isolated from 
cow’s milk many years ago. Likewise, the chemical composi¬ 
tion of egg albumin, and of countless numbers of other proteins, 
apparently always remains the same. 

That there are important, if small, differences between 
proteins can be illustrated strikingly by injections of small 
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amounts of foreign protein into the blood stream of animals. 
This is illustrated by the violent reaction known as anaphylactic 
shock. The phenomenon was discovered by Charles Richet, pro¬ 
fessor of physiology at the University of Paris. He was at¬ 
tempting to produce immunity in his experimental dogs to a 
certain toxic protein. He injected the dogs with a minute 
quantity of the protein with no visible effect on the animals. 
Two weeks later he injected a slightly larger dose. Instead of 
acquiring immunity by the second injection, the animals died. 
The physiological reaction now is known as anaphylactic shock. 
The first injection of protein evidently brings about some 
change in the animaPs system to ^' sensitize ^ ^ him to a second 
injection. The time interval between the sensitizing dose and 
the shock dose can vary widely (one to six weeks), depending 
on experimental conditions, and, in particular, on the size of the 
sensitizing dose. In general, the larger the sensitizing dose, the 
longer will be the interval required for a reaction when the 
second dose is given. 

If small amounts of foreign protein are injected at rather 
frequent intervals (three- or four-day intervals), anaphylactic 
shock does not result, but the organism gradually builds up a 
tolerance toward increasingly larger amounts of the foreign 
protein. Such a process is involved in the ‘‘desensitization 
procedure often used in treating peisons known to be sensitive 
to certain proteins. 

The physiological symptoms of allergies (abnormal sensitivity 
to certain proteins) can be manifested in a variety of ways. In 
some it is evidenced by painful swellings of parts of the body; 
in others the muscles of the bronchioles contract so that breath¬ 
ing becomes dilficult and typical asthma results. In other 
persons the allergy manifests itself in migraine headaches or ex¬ 
cessive watering of the nasal ducts. 

Pood allergies are, perhaps, the most common type. Proteins 
from wheat, egg, and milk are the three most frequent offenders, 
but are by no means the sole cause of food allergy. From the 
different cases on record, the list could be extended to include 
almost every known food. Some persons are allergic to such 
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substances as cat^s fur, feathers, kapok, dust, metals, certain 
drugs, cold, and other physical and biochemical agencies. 

Industrial Uses of Proteins. —In addition to their great bio¬ 
logical importance, proteins, as abundant natural materials, 
have many imj)ortant industrial uses. For example, cascun, ob¬ 
tained from skimmed milk by coagulation with the enzyme ren¬ 
net, is used as a plastic. Many types of buttons and combs are 
made from this material. The casein obtained by adding acid to 
skim milk is used for the manufacture of cold water paints, 
for glue, as a paper coating, and even for textile fibers. Aralac 
is a casein-type fiber. These fibers have a resiliency resembling 
wool, and it is thought they have a promising future. 

Fibers have been made from protein-detergent complexes 
using egg white or chicken feather keratin as the source of pro¬ 
tein. Such fibers have a high tensile strength, and their de¬ 
velopment points to the possible future use of these and other 
waste jirotein products as a source of commercial fibers. 

Not only are animal proteins used industrially now, but also 
proteins from vegetable origin. Soybean proteins have been 
used for sizing and coating paper and in the manufacture of 
water paints. During World War II substantial amounts of 
soybean jiroteins went into the production of a fire extinguisher 
mixture where it provided a heavy durable foam. Zein from 
corn was much used during the war in combination with rosin 
as a shellac replacement. Peanut protein, zein, and soybean 
protein are all being investigated as potential sources of textile 
fibers. They show promise of being equal to the casein fibers 
now being produced. 


Study Questions 

1. Define proteins. What is the chief function of this class of foodstuff 
in the body? 

2. What is the usual nitrogen content of proteins? Describe the Kjeldahl 
method for the analysis of nitrogen-containing material. 

3. What are three methods of obtaining amino acids from proteins? 

4. For your own convenience in learning the formulas of the amino acids, 
construct a compact tabulation of the various classes of amino acids 
and cite examples of each class. 
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5. What is the formula for the simplest amino acid? What is the only 
amino acid that is known to contain a tertiary carbon atom! 

6. What criteria must be fulfilled before an amino acid is considered 
definitely to be a product of protein hydrolysis 1 

7. What amino acid is found to the extent of about 14 per cent in human 
hair? 

8. What is the name of the sulfur linkage in cysteine? In cystine? 

9. What are the two alcohol-soluble amino acids? 

10. What are the hexone bases? Why are they designated as such? 

11. What is the only known amino acid that acts as a hormone? 

12. Write equations to illustrate two possible methods of synthesizing 
amino acids. 

13. List the essential amino acids. 

14. What are incomplete proteins'^? Give some examples and tell why 
these should not be used as a sole source of protein in the diet. 

15. Why are the proteins amphoteric? 

16. What is the peptide linkage? Write a formula for a tripeptide and in¬ 
dicate the peptide linkages. 

17. Describe a method of synthesizing long-chain polypeptides. 

18. Write an equation to represent the Van Slyke method for the de¬ 
termination of a-amino nitrogen. 

19. What is the chief basis for the classification of proteins? In tabular 
form, list the types of simple, conjugated, and derived proteins, giving 
the essential characteristics and examples of each kind of protein. 

20. What relationship does gluten have to flour quality? What is the dif¬ 
ference between a ‘ ^ strong * ^ flour and a * ^ weak ^' flour ? 

21. What are the hydrolytic products of proteins in the order of decreasing 
molecular weight? 

22. Describe several methods by which different classes of proteins might 
be isolated from a material. 

23. What chemical reagents might be used as protein precipitants? 

24. Describe the biuret test. What compounds other than proteins give 
a positive biuret test? 

25. A positive xanthoproteic test shows that what amino acids are present 
in the protein-containing material? 

26. What is the name of the test used for testing for the presence of 
carbohydrates in a protein? What is the active chemical reagent used 
in making the test? 

27. What are the characteristics of a protein at its isoelectric point? 

28. Why is protamine insulin more slowly absorbed by the body than free 
insulin? 

29. What is meant by the term biological specificity? 

30. What is the cause of an anaphylactic shock? Why do not allergic pa¬ 
tients exhibit the symptoms of anaphylactic shock during a series of 
* ^ desensitization'' treatments ? 
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PART III 

BIOLOGICAL CHEMISTRY 


CHAPTER XXn 
ENZYMES 

Introduction.—Enzymes are organic substances that act as 
catalysts for most of the metabolic reactions of plant and ani¬ 
mal tissues. They are made by living cells, but cells are not 
required for their activity; that is, enzymes are active cata¬ 
lysts even when they have been separated completely from or¬ 
ganized tissue. 

The substance undergoing change in the presence of an 
enzyme is known as the substrate, and the products formed as 
a result of the reaction are called end products. For example, 
in the presence of a dipeptidase (an enzyme), dipeptides (the 
substrate) are hydrolyzed to amino acids (the end products). 

Most, if not all, the reactions catalyzed by enzymes are re¬ 
versible. The hydrolysis of hexose phosphate, which is cata¬ 
lyzed by the enzyme phosphatase, may be taken as an example 
of this type of reaction. 

(phosphatase) 

Hexose phosphate + HjO ^ > Hexose + HjPO* 

If hexose phosphate and water are mixed with a solution of the 
enzyme, the reaction proceeds to the right until a certain per¬ 
centage of the hexose phosphate has been hydrolyzed. This 
reaction is catalyzed (accelerated) by the phosphatase. How¬ 
ever, the phosphatase also accelerates the reverse reaction 
(formation of hexose phosphate from hexose and phosphoric 
acid). At jSrst the reaction to the right is rapid, and the reac¬ 
tion to the left is slow. As time goes on, the concentrations of 
hexose and phosphoric acid increase, and the reaction to the 
left becomes faster, since there is more chance that molecules 
capable of reaction will come in contact with the enzyme and 
with each other. After a time, the reaction proceeds in both 
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directions at the same rate, and no further change in concentra¬ 
tions then can be detected by ordinary chemical procedures. 
When this steady state is reached, the reaction is said to have 
reached its equilibrium point. 

Many careful studies have demonstrated that enzymes do not 
change the equilibrium points of reactions. They simply ac¬ 
celerate the reaction in both directions, and the equilibrium 
point is reached more quickly than would be possible in the 
absence of the enzyme. It follows from this that the same 
enzyme that catalyzes the breakdown of a substrate also will 
catalyze its formation under the proper conditions. For ex¬ 
ample, if hexose phosphate is dissolved in a solution containing 
phosphatase, the principal detectable chemical change will be 
the hydrolysis of the hexose phosphate, with the simultaneous 
formation of free hexose and phosphoric acid. However, if free 
hexose and phosphoric acid are dissolved in a solution of the 
same enzyme (phosphatase), hexose phosphate will be formed. 
The relative amount of each substance present when a steady 
state is reached will depend on the equilibrium point of the 
reaction. 

Nomenclature. —The modern names of enzymes are formu¬ 
lated by adding the ending ase to a prefix derived from the 
name of the substrate. Thus, proteinoses catalyze the hy¬ 
drolysis of proteins; lipases catalyze the hydrolysis of lipids; 
and maltose catalyzes the hydrolysis of maltose. Older chemists 
used the suffix in for names of enzymes. Many of these older 
names (ptyalin, rennin, pepsin, trypsin, steapsin, amylopsin, 
erepsin, cathepsin) still are used. 

Classification. —In general, enzymes catalyze two major 
types of reaction: hydrolysis and oxidation-reduction. A brief 
list of the more important types of enzyme follows: 

I. Hydrolases. These are the enzymes that catalyze hydro¬ 
lytic reactions. 

A. Esterases. These enzymes catalyze the hydrolysis of 
esters with the formation of alcohols and acids. 

1. Lipases catalyze the hydrolysis of lipids. 

2. Phosphatases catalyze the hydrolysis of phosphoric 
acid esters. 
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B. Carbohydrases, These are enzymes that catalyze the 
hydrolysis of carbohydrates. 

1. Amylases catalyze the hydrolysis of starch. {Amylum 
is the Latin term for starch.) 

2. Sucrase catalyzes the conversion of sucrose to glucose 
and fructose. 

3. Moitase catalyzes the conversion of maltose to glucose. 

4. Lactase catalyzes the conversion of lactose to glucose 
and galactose. 

C. Proteases. These enzymes catalyze the hydrolysis of pro¬ 
teins and derived proteins. 

1. Proteinases catalyze the hydrolysis of proteins. 

2. Polypeptidases catalyze the hydrolysis of polypeptides. 

3. Dipeptidases catalj^ze the hydrolysis of dipeptides. 

T). Desamidases. These enzymes catalyze the hydrolytic 
cleavage of —C— N — linkages that are not in proteins or 
peptides. 

1. Urease catalyzes the hydrolysis of urea to ammonia 
and carbon dioxide. 

2. Arginase catalyzes the formation of urea and ornithine 
from arginine. 

3. Ouanase catalyzes the hydrolysis of guanine to form 
xanthine and ammonia. 

4. Adenase catalyzes the hydrolysis of adenine to form 
hypoxanthine and ammonia. 

E. Carbonic anhydrase. This enzyme catalyzes the forma¬ 
tion of water and carbon dioxide gas from carbonic acid. 

II. Oxido-Beductases. These are the enzymes that catalyze 
oxidation-reduction reactions. 

A. Dehydrogenases. These enzymes catalyze the transfer of 
hydrogen atoms from a substrate (hydrogen donator) to 
another compound (the hydrogen acceptor). 

B. Oxidases. These are enzymes that catalyze the union of 
molecular oxygen with a substrate. 

C. Peroxidases catalyze oxidation-reduction reactions in 
which peroxides are the immediate oxidizing agents. 
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D. Catalase catalyzes the formation of water and molecular 
oxygen from hydrogen peroxide. 

E. Desmolases. These are enzymes that catalyze the cleavage 
of the —C—C— linkage. In general, the reactions cata¬ 
lyzed by desmolases involve the oxidation of one portion of 
a molecule, with the simultaneous reduction of the other 
portion. Example: Zymase catalyzes the formation of 
ethyl alcohol and carbon dioxide from sugars. 

Chemical Nature of Enzymes. —The enzymes that have been 
isolated in crystalline form have all been found to be proteins. 
As a general rule, the purified hydrolases have proved to be 
simple proteins, and the crystalline oxido-reductases have 
been conjugated proteins. Dehydrogenases appear to be 
simple proteins, but they are probably inactive except in the 
presence of suitable prosthetic groups (coenzymes) that com¬ 
bine with them in the tissues. 

Table XIV 

Some Enzymes That Have Been Isolated in Crystalline Form 


crystalline 

ENZYMES 

SUBSTRATES 

END PRODUCTS 

Urease 

Urea 

Ammonia, carbon dioxide 

Pepsin 

Proteins 

Proteoses, peptones 

Trypsin 

Proteins, proteoses, 
peptones 

Proteins, proteoses, 
peptones 

Peptides 

Chymotrypsin 

Peptides 

Carboxypeptidase 

Polypeptides 

Peptides, amino acids 

Catalase 

Hydropfen peroxide 

Water, oxygen 


Some Factors Affecting the Rate of Enzyme-Catalyzed Re¬ 
actions. — Concentration of the enzyme. It is believed by most 
biochemists that enzymes catalyze reactions by combining mo¬ 
mentarily with the reacting compounds (or compound). After 
the reaction is completed, the enzyme is freed, and can catalyze 
the reaction of other molecules in its vicinity. This theory is 
supported by the finding that the rate of enzyme-catalyzed re¬ 
actions is accelerated by increasing the concentration of the 
enzyme. That is to say, the reaction can proceed more rapidly 
if more enzyme molecules are present to act as catalysts. 
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Temperature. The rate of most chemical reactions is in¬ 
creased two or three times when the temperature is raised 10® 
C. This is true also for enz 3 nne-catalyzed reactions, provided 
the temperature is not raised above a certain critical value. 
Above this critical value, the enzyme becomes inactivated. This 
is evidence that enzymes are proteins, since proteins become de¬ 
natured at elevated temperatures. The temperature at which 
an enzyme is most effective is called the optimum temperature. 
Most of the enzymes of warm-blooded animals have optimum 
temperatures in the neighborhood of 40® C. 

pH. For every enzyme there is a pH value at which the 
enzyme is most active. For example, wheat-flour amylase is 
most effective at pH 4.8; if the pH is lowered below 2, or is 
raised above 9, the enzyme is almost entirely inactive. The 
optimum pH for a given enzyme varies somewhat, depending 
on the substrate, the salts present in the test solution, and the 
source of the enzyme. For example, the optimum pH for pep¬ 
sin is 1.8 when casein is the substrate, but is 2.2 if hemoglobin 
is substituted for casein. Salivary amylase has an optimum pH 
of 5.6 in acetate solutions, and of 6.5 in phosphate solutions. 
The lactase present in yeast has an optimum pH of 7.0; almond 
lactase is most effective at pH 4.2. 

Miscellaneous factors. Any substance or procedure that 
causes denaturation of proteins also will inactivate enzymes. 
Thus, enzyme activity is inhibited or prevented by salts of 
heavy metals, organic protein precipitants (sulfosalicylic acid, 
tannic acid, trichloroacetic acid, etc.), and ultraviolet radiant 
energy. 

Enzyme Specificity. —^Enzymes are said to be specific. This 
means that given enzymes will catalyze the hydrolysis or oxida¬ 
tion-reduction of only certain types of chemical linkages or 
groups. For example, proteinases will catalyze the hydrolysis 
of proteins, but not of lipids. Catalase, which catalyzes the con¬ 
version of hydrogen peroxide to water and oxygen, will not 
catalyze the hydrolysis of proteins. 

Proenzymes. —Proenzymes are substances that become active 
enzymes in the presence of a suitable activating substance. The 
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lining of the stomach secretes a protein known as pepsinogen; in 
the presence of the hydrochloric acid in gastric (stomach) juice, 
pepsinogen becomes the active enzyme, pepsin. The pancreatic 
enzyme, trypsin, is formed when its proenzyme, trypsinogen, 
comes in contact with enterokinase, a substance present in the 
small intestine. Substances that convert proenzymes to active 
enzymes frequently are known as kinases. 

Activators and Inhibitors. —Certain ions or organic com¬ 
pounds affect enzyme activity. In some cases, the effect is to ac¬ 
celerate the enzyme activity; in other cases, the effect is a slowing 
of the enzyme-catalyzed reaction. Some examples of enzyme 
activators and inhibitors follow: 

Activators: Magnesium ions activate bone phosphatase; cobalt 
and manganese ions activate arginase; chloride ions activate 
amylase; cyanide ions activate papain (a proteinase); hydrogen 
sulfide and cysteine activate urease. 

Inhibitors: Heavy metal ions, reagents that combine with 
protein amino groups (nitrous acid, ketene, etc.), oxidizing 
agents, and the anti-enzymes (protein substances that inactivate 
specific enzymes) found in animal tissues are examples of in¬ 
hibitors. Hydrogen cyanide activates some enzymes (papain, 
cathepsin, urease), but it inactivates certain essential oxidation- 
reduction catalysts of the body. Due to this inactivation, 
hydrogen cyanide is a deadly poison. 

Coeiusymes.—Certain organic substances present in tissues 
are known as coenzymes. Coenzymes combine with specific 
proteins to form active enzyme systems. In most cases, the 
protein is what we have termed a dehydrogenase. However, in 
spite of this classification of the protein as an enzyme, it must 
be emphasized that it is inactive in the absence of the appro¬ 
priate coenzyme. 

Coenzymes act as hydrogen acceptors. In the presence of the 
necessary protein (dehydrogenase), hydrogen atoms are trans¬ 
ferred from substrate (hydrogen donator) molecules to co¬ 
enzyme molecules. Other substances present in tissues then re¬ 
move the hydrogen atoms from the coenzyme, which then takes 
more hydrogen atoms from the original substrate. This process 
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can continue until the substrate is oxidized completely. A 
more detailed example of eoenzyme activity will be given in 
Chapter XXIII. 

Several members of the vitamin B complex are known to be 
present in certain coenzymes that take ])art in the normal chem¬ 
ical reactions of living, healthy tissues. 

Autolysis. — Cathepsm is llie name given to a mixture of 
])roteinases present in all, or nearly all, cells. These enzymes, 
like urease and the plant proteinase, papain, are activated by 
cyanide iojis, hydrogen sulfide, and cysteine. Probably cathepsin 
is inactive in healthy tissue, since its optimum yjH is in the 
iieighborliood of 4. (The pll of the interior of a c(dl probaldy is 
about 6.8; the pH of blood is about 7.4.) After death, acid sub¬ 
stances (such as lactic acid, sulfuric acid, and phosphoric acid) 
accumulate in the cells, and the intracellular pH falls. This 
causes cathepsin to become active, and the dead cells liquefy 
as a result of the hydrolysis of their proteins. This liquefaction 
of tissues after death is called autolysis. Much of the disintegra¬ 
tion of dead tissue is caused by bacterial enzymes, but autolysis 
occurs even when bacteria are not present. Partial autolj'sis 
is responsible for the increased tenderness of meat that has been 
aged at a low temperature. 

Study Questions 

1. Define: enzyme, substrate, end product. 

2. What is a reversible reaction? How is a reversible reaction affected 
by the presence of a suitable enzyme? 

3. Do enzymes change the equilibrium points of reversible reactions? 

4. Explain how an enzyme that catalyzes the breakdown of a substrate 
also can catalyze its synthesis. 

5. What is the modern method of naming enzymes? Why do the names 
of many enzymes end in in? 

6. In general, what two types of chemical reaction are catalyzed by 
enzymes ? 

7. Make a list of the more important types of enzymes, and give a defini¬ 
tion of each. 

8. What type of chemical compound are enzymes thought to be? List 
several reasons for this belief, 

9. Name several enzymes that have been isolated in crystalline form. 
Give the substrate and end products for each. 
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10. How is the rate of an enzyme-catalyzed reaction altered if the con¬ 
centration of the enzyme is increased? Explain, 

11. What is mean by the optimum temperature of an enzyme? Why are 
enzymes inactivated if the temperature is raised too high? 

12. At which one of the following temperatures would pepsin (an enzyme 
found in the stomach) be most active: 0*^ C., 40® C., 100® C.? Ex¬ 
plain. 

13. What is meant by the optimum pH of an enzyme? List some factors 
that alter the optimum pH. 

14. List two or three other factors that influence the rate of enzyme- 
catalyzed reactions. 

15. What is meant by enzyme specificity? 

16. What are proenzymes? Kinases? 

17. Define: enzyme activator; enzyme inhibitor. Give some examples 
of each. 

18. Why is hydrogen cyanide poisonous? Why is a mixture of potassium 
cyanide and sulfuric acid often used in fumigating houses? 

19. Give a definition of coenzyme. Are coenzymes inactivated by boiling 
their solutions? Explain. 

20. Is a dehydrogenase active in the absence of coenzymes? Do you think 
the term dehydrogenase should be abandoned, and the term activator 
protein used instead, as some scientists have suggested? Explain. 

21. What three vitamins are known to be present in various natural co¬ 
enzymes ? 

22. What is cathepsin? What substances can be used to activate it? 

23. What is autolysis? Why does it not occur in healthy, living tissue? 

24. Explain why meat becomes more tender if it is aged at low tem¬ 
peratures. Why must the temperature be low? 
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CHAPTER XXni 


THE CHEMISTRY OF RESPIRATION 

Introduction .—Metaholism may be defined as the sum total 
of all the chemical reactions that take place in living tissues. 
Some of these reactions result in the synthesis of larger mole¬ 
cules from smaller ones. In most cases these larger molecules 
are used in building new tissue, or are stored, later to be broken 
down with the release of energy. All of us know, for example, 
that, if we eat more than we need, much of the excess food is 
converted to fat. In time of need this stored fat can be burned 
(oxidized) with the production of water, carbon dioxide, and 
energy. The phase of metabolism that results in the storage 
of new molecules and chemical energy in the tissues is called 
anabolism. Reactions that result in the formation of smaller 
molecules from larger ones with the release of energy are called 
catabolic reactions. 

To the chemist, respiration is that phase of catabolism in 
which the tissues utilize oxygen and produce carbon dioxide. 
Essentially, the story of respiration is the story of the transport 
of oxygen from the lungs to the tissues; of its union there with 
the hydrogen that is removed from food molecules by respira¬ 
tory (oxidation-reduction) enzymes; and of the eventual 
elimination of carbon dioxide and water from the body. 

The Transport of Oxygen to the Tissues 

In the short space of a minute, each of us, under average 
conditions, absorbs about 350 cc. of oxygen and eliminates 
about 815 cc. of carbon dioxide. Less than 2 per cent of this 
oxygen is carried from the lungs to the tissues in simple solu¬ 
tion in the blood. The remainder diffuses from the air in the 
lungs into the red blood cells. In these ceUs it combines with 
the red protein, hemoglobin. In the tissues, hemoglobin releases 
a part of its oxygen and returns to the lungs for a fresh supply. 
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Hemogflobin. —Hemoglobin is the red pigment of the blood. 
Normally, all of it is contained within the red blood cells; that 
is, none of it is present in the plasma, or liquid portion of the 
blood. About 96 per cent of the molecule is composed of a 
histone, called globin. The other 4 per cent is an iron-contain¬ 
ing substance called heme. 

Heme belongs to the class of organic substances known as 
the porphyrins. Its molecule is composed of 4 pyrrole rings 
linked to each other by carbon atoms. Two of these rings also 
are linked by means of an iron atom. 



Formula postulated for heme 

(The dotted lines indicate that some of the electrons in the outer shells of 
the nitrogen atoms have a weak affinity for the iron.) 

It has been found that one gram-atomic weight of iron is 
present in about 16,500 g. of hemoglobin. Actual measure* 
ments of the molecular weight of hemoglobin give a value of 
approximately 68,000. Thus it appears that a molecule of 
hemoglobin contains 4 molecules of heme. Each of the iron 
atoms of the heme can combine with one molecule (2 atoms) of 
oxygen. This union is a very loose one, however, and is not the 
result of a true oxidation-reduction reaction; that is, the valence 
of the iron of oxyhemoglobin (hemoglobin combined loosely with 
oxygen) is the same (2+) as that of the iron present in reduced 
hemoglobin, which does not contain loosely bound oxygen. 
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Some Substances Belated to Hemoglobin. — Methemoglobin, 
When fresh meat is cooked, its color changes from red to brown. 
This color change is due to the conversion of hemoglobin to 
methemoglobin. The iron of methemoglobin has a valence of 3, 
and is no longer capable of uniting loosely with oxygen. The 
prosthetic (nonprotein) group of methemoglobin often is called 
hematin. Its formula probably is like that of heme, except that 
an on group is attached to the iron. 

Acid hematin. Treatment of hemoglobin, or of blood, with 
0.1 N hydrochloric acid results in the formation of a brown pig¬ 
ment known as acid hematin. Acid hematin probably is a con¬ 
jugated protein in which the prosthetic group is identical with 
hematin, except that the Oil group of the latter is replaced by 
a Cl atom. The dilution of blood with dilute hydrochloric acid 
and comparison of the color of the acid hematin solution thus 
formed with a suitable standard is the basis of a widely used 
method for the analytical determination of hemoglobin. 

Hemin, When blood is treated with glacial acetic acid and 
sodium chloride, microscopic crystals of hemin form. These 
crystals have a brown color and a characteristic rhomboid shape. 
Hemin has been synthesized. Its structure is like that shown 
for heme, except that a chlorine atom is attached to the iron. 
Hemin, like other heme derivatives in which the iron has a 
valence of 3, will not combine loosely with molecular oxygen. 

The formation of hemin crystals can be used as a chemical 
test for the presence of blood. 

Carbon monoxide hemoglobin. Carbon monoxide, like oxygen, 
will combine with the iron of reduced hemoglobin. As is the 
case with oxygen, this reaction is reversible. However, the 
affinity of hemoglobin for carbon monoxide is about 200 times 
as great as its affinity for oxygen. Stated differently, this 
means that one-half of the hemoglobin exposed to a mixture of 
200 volumes of oxygen and one volume of carbon monoxide will 
be carbon monoxide hemoglobin. The other ^ one-half will be 
oxyhemoglobin. Carbon monoxide is a poison, because the 
carbon monoxide hemoglobin formed from it cannot transport 
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oxygen. Automobile exhaust gas and illuminating gas, both of 
which contain carbon monoxide, frequently are responsible for 
accidental deaths. 

Transport of Oxygen by Hemoglobin. —One gram of hemo¬ 
globin is capable of combining loosely with 1.34 cc. of oxygen. 
The tension or partial pressure of the oxygen in the alveoli (air 
sacs) of the lungs is relatively high—about 100 mm. of mercury. 
As blood passes through the lungs, this pressure causes oxygen 
to diffuse into it and to combine with hemoglobin. Although 
a molecule of hemoglobin is in contact with alveolar oxygen only 
a very short time (all the blood in the body—about 5 to 7 
liters—passes through the lungs once a minute), the hemoglobin 
in the blood leaving the lungs is 95 per cent saturated with 
oxygen. One hundred cubic centimeters of this oxygenated 
blood, which contains about 15 g. of hemoglobin, thus con¬ 
tains approximately 20 cc. of oxygen. In the tissues the oxygen 
tension is only 30 to 40 mm. of mercury, and some of the oxy¬ 
hemoglobin changes to reduced hemoglobin. The venous blood 
returning to the lungs after its passage through the tissues con¬ 
tains in the neighborhood of 13 or 14 cc. of oxygen in each 
100 cc. 

As we have just found, the low oxygen tension of the tissues 
favors the dissociation of oxyhemoglobin. Two other factors 
also favor this dissociation: 

(1) The conversion of oxyhemoglobin to reduced hemoglobin 
is accelerated and made more complete by carbon dioxide. The 
relatively high carbon dioxide tension of the tissues increases 
the loss of oxygen from the blood. 

(2) The amount of oxygen with which hemoglobin can com¬ 
bine at low oxygen tensions is reduced if the pH of the blood is 
lowered. Now, the pH of the blood changes from something 
like 7.43 (arterial blood) to about 7.25 (venous blood) as it 
circulates through the body. This change is due in part to the 
small quantities of carbonic hcid (HgCOg) formed when carbon 
dioxide enters the blood, and partly to the diffusion from the 
tissues into the blood of organic acids (such as lactic acid) 
formed in metabolism. 
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The Transport of Hydrogen in the Tissues 

Most of the oxidations in living organisms involve essentially 
the removal of hydrogen from food molecules. In some cases 
this removal of hydrogen is preceded by an addition of water. 
Since water contains both hydrogen and oxygen, the net result 
of both of these reactions will be a loss of hydrogen and an addi¬ 
tion of oxygen to the food molecule. We may picture the bio¬ 
logical oxidation of an aldehyde to an acid as follows: 
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+ H,0 
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OH 

-> R—C~OH 
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The hydrogen atoms formed in this type of oxidation are 
transported by a sort of bucket brigade’’ of substances in the 
tissues. Finally, they combine with oxygen to form either 
water or hydrogen peroxide (HgOg). 

Hydrogen peroxide is a poison, since it causes denaturation 
and precipitation of proteins. Hydrogen peroxide accumula¬ 
tion is prevented by catalase, an enzyme present in all the 
tissues of the body. This substance catalyzes the conversion 
of hydrogen peroxide to water and molecular oxygen. Catalase 
contains iron, and its molecule is related chemically to that of 
hemoglobin. 

Dehydrogenases. —^Enzymes that catalyze the transfer of 
hydrogen atoms from one substance to another are called de¬ 
hydrogenases, The substance from which the hydrogen is re¬ 
moved is called the hydrogen donator, and the substance re¬ 
ceiving the hydrogen is known as the hydrogen acceptor. De¬ 
hydrogenases, in common with other enzymes, are proteins. 
Probably they catalyze reactions by adsorbing both the hydro- 



594 


ORGANIC AND RIOLOGICAL CHEMISTRY 


gen acceptor and the hydrogen donator. This brings the two 
reacting molecules close together and facilitates the transfer of 
hydrogen. After the hydrogen exchange is completed, the 
oxidized hydrogen donator and the reduced hydrogen acceptor 
are thought to leave the surface of the dehydrogenase, which 
then adsorbs a second pair of reacting molecules. This process 
continues until all of the hydrogen donator is oxidized. 

In certain cases, oxygen can act as the hydrogen acceptor. 
Dehydrogenases capable of catalyzing reactions in which oxygen 
is involved are called aerobic dehydrogenases. In other cases, 
oxygen cannot act as the hydrogen acceptor; here, the enzyme 
is said to be an anaerobic dehydrogenase. 

Coenzymes I and 11 .—Two complex substances, known as 
coenzyme I (codehydrase I, cozymase) and coenzyme II (co- 
dehydrase II), are important hydrogen acceptors. These sub¬ 
stances are nucleotides, and yield the following compounds on 
hydrolysis: 


Coenzyme I 

1 molecule of nicotinic acid 
amide 

2 molecules of phosphoric acid 
2 molecules of ribose 

1 molecule of adenine 


Coenzyme II 

1 molecule of nicotinic acid 
amide 

3 molecules of phosphoric acid 

2 molecules of ribose 
1 molecule of adenine 


It has been suggested that coenzyme I, which contains two 
phosphoric acid groups in each molecule, be called diphospho- 
pyridine nucleotide (D. P. N.), and that coenzyme II be called 
triphosphopyridine nucleotide (T. P. N.). 
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H—C C—CONH, 
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H—C C-~H 
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Nicotinic acid amide 
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The portion of the coenzyme molecule important in hydrogen 
transfer is the nicotinic acid amide, which is a pyridine deriva¬ 
tive. In a later chapter (Chapter XXIX) we shall find that this 
substance is a vitamin and must be present in the diet. 

When nicotinic acid amide is combined in the coenzyme mole¬ 
cule, the nitrogen is thought to be pentavalent. One of the two 
additional bonds is attached to the first carbon of a ribose mole¬ 
cule, and the other to some negative ion (for example, a chloride 
ion). The reversible reaction believed to occur when a coenzyme 
molecule accepts hydrogen atoms can be written as follows: 

H 

H—C—CONH, 

h4 U 
V 
IV 

R 

The first important rei 
transfer of hydrogen atoms from a food molecule to one of the 
coenzymes. This reaction is catalyzed by appropriate dehydro¬ 
genases. Sometimes this type of dehydrogenase is called a 
zwischenferment (‘‘in between enzyme^^). If we indicate the 
food molecule by FHg and the coenzyme molecule by Co, the re¬ 
action can be written schematically as follows : 

FH, + Co -> F + CoH, 

(Dehydrogenase) 

The partly oxidized food residue then reacts with a second 
molecule of coenzyme, and this process continues until oxidation 
is complete. 

Plavoproteins.— As we have seen in the preceding discus¬ 
sion, coenzymes can take hydrogen from food substrates. The 
reduced coenzymes, in turn, transfer this hydrogen to other 
substances. The most important of these substances appear to 
be conjugated proteins. In the oxidized state these proteins 


H 

/ \ 

H—C C—CONH^ 

II I 

II—C C—H 


+ HCl 


iratory reaction in the tissues is a 
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have a yellow color; for this reason, they are called flavoproteins 
or yellow enzymes. Sometimes the terms diaphorase or cyto¬ 
chrome reductase are used for certain of them. (We shall find 
later that substances called cytochromes can be reduced by 
flavoproteins.) 

The prosthetic groups of all the known flavoproteins yield 
flavin (alloxazine), ribose, and phosphoric acid on hydrolysis. 
In addition, certain flavoproteins contain combined adenine. 
These prosthetic groups, then, either are mononucleotides or 
dinucleotides. The hj^drolytic products of the two types are 
listed below: 


Mononucleotide type 
1 molecule of flavin (alloxaz¬ 
ine) 

1 molecule of ribose 
1 molecule of phosphoric acid 


Dinucleotide type 

1 molecule of flavin (alloxaz¬ 
ine) 

2 molecules of ribose 

2 molecules of phosphoric acid 
1 molecule of adenine 


Riboflavin, the nucleoside formed when phosphoric acid is 
removed from the mononucleotide type, is a member of the 
vitamin B complex (see Chapter XXIX). In common with other 
vitamins, it cannot be synthesized in the body, and is an essential 
ingredient of the diet. 

In the presence of reduced coenzyme, the flavin molecule of 
the flavoprotein takes on two hydrogen atoms. 


CNN 

O 

I II I I 
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Oxidized form 


H 2H 


H R H 
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CH—C C C G=0 
CH,—<!: (1 I; N—.H 

vvv 

k k ^ 

Reduced form 


If we use the symbol FP to indicate flavoprotein, the reaction 
may be represented as follows: 


CoH, + FP Co + FPH, 
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The oxidized coenzyme formed by this reaction can be reduced 
again by the transfer of two more hydrogen atoms from a food 
molecule. 

Cytochromes.—The next link in the chain of hydrogen ac¬ 
ceptors is represented by the cytochromes. Cytochromes are con¬ 
jugated proteins. Their prosthetic groups contain iron and 
are related chemically to heme. The iron of reduced cytochrome 
has a valence of 2; that of oxidized cytochrome is trivalent. 
Three different cytochromes (called cytochromes a, b, and c) are 
known. 

Cytochromes, for which we shall use the shorthand symbol 
Cy, can remove hydrogen from reduced flavoproteins. 

Gy + FPH, CyH, + FP 

The regenerated flavoprotein then can take more hydrogen 
atoms from reduced coenzymes. 

Cytochrome Oxidase.— Cytochrome oxidase (Warhurg^s re¬ 
spiratory enzyme, Atmungsferment,** indophenol oxidase) is 
an iron-containing substance that appears to be present in all 
tissues. No one yet has succeeded in isolating it. However, 
there are excellent reasons for supposing that it contains iron 
as an essential part of its molecule. This enzyme, which we 
shall designate by the symbol EE, causes the oxidation of re¬ 
duced cytochrome. 

CyH, + EE Cy + EEH, 

This reaction regenerates the cytochrome molecule, which can 
now receive more hydrogen from a reduced flavoprotein mole¬ 
cule. The cytochrome oxidase is returned to its active (oxidized) 
state by a reaction in which it transfers hj^-drogen to molecular 
oxygen. 

EEE[, + % O, —> RE + HjO 

This step, in which water is formed, is the last of the reactions 
by means of which hydrogen is transported from a food molecule 
to molecular oxygen. 
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Summary. —*We can summarize the transport of hydrogen 
atoms from a food molecule to oxygen by means of the follow¬ 
ing symbolic equations: 


Step 1. 

FH 2 


Co-- 

F 


CoH, 




(Dehydrogenase) 




Step 2. 
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Step 3. 
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Step 4. 
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Step 5. 

REH 2 

+ 

M 0,— --- 

->^RE 


H 2 O 


Most of the water formed by these reactions is eliminated from 
the body in the urine, in the sweat, and in the expired air. Small 
amounts are excreted in the feces, nasal secretions, tears, etc. 

The Transport of Carbon Dioxide to the Lungs 

Most of the potassium of the blood is inside the red blood cells; 
most of the blood sodium is in the plasma. With the exception 
of hydrogen ions, cations (positive ions) do not readily pass 
across the red blood cell membrane. With these facts in mind, 
we shall proceed to a discussion of the transport of carbon di¬ 
oxide from the tissues to the lungs, where it is eliminated from 
the body. 

At the pH of the blood, oxyhemoglobin is negatively charged. 
A part of this negative charge is neutralized by potassium ions. 
We shall represent the oxyhemoglobin (more correctly, potassium 
oxyhemoglobinate) molecule by means of the symbol KHbOj. 

As we have learned, tissue oxidations usually involve additions 
of water and removal of hydrogen. Eventually, sufficient oxygen 

•Numerous systems concerned with hydrogen transport occur in tissues. 
However, the existing evidence makes It likely that these systems include 
some or all of the substances mentioned in this summary as necessary 
components. 








CUKMISTRY OF RESPIRATION 


599 


is gained to enable the carbon atoms of the food molecules to 
split off as carbon dioxide. The tension of the carbon dioxide of 
the tissues amounts to about 47 to 50 mm. of mercury. At this 
tension the gas rapidly diffuses into the blood. 

Transport of Carbon Dioxide by the Blood. —Now, when 
arterial blood readies the capillaries, oxygen splits off, leaving, 
for a short time, reduced iiotassium hemoglobinate. 

KHbO, KHb + O, 

Some of the carbon dioxide entering the blood diffuses through 
the red blood cell membrane. Inside the red cell there is a rapid 
formation of carbonic acid. This reaction is catalyzed by an 
enzyme called carhonic anJiydrase. 

CO, + H,0 H,CO, 

Carbonic acid then reacts with potassium hemoglobinate, form¬ 
ing reduced hemoglobin, potassium ions, and bicarbonate ions. 

KHb + H,CO, HHb + K" + HCO,- 

As the concentration of bicarbonate ions in the red blood cell 
increases, there is a marked tendency for these ions to diffuse 
across the membrane into the plasma. If we recall that potas¬ 
sium ions are unable to pass from the interior of the cell to the 
plasma, it becomes apparent that bicarbonate ions cannot pass 
across the membrane unless some anion (negative ion) in the 
plasma simultaneously passes into the cell; that is, positively 
charged ions cannot move very far away from negatively charged 
ones because of the attraction of the opposite electrical charges. 
The most abundant anion in the plasma is the chloride ion. 
Therefore, as bicarbonate ions enter the plasma from the red 
blood cells, anions (chiefly chloride ions) simultaneously pass 
into the cell. We may represent the situations before and after 
diffusion by the following simplified scheme: 


Types of Ions Inside the 
lied Blood Cell 

Before Diffusion 
K" and HCO,“ 

After Diffusion 
K+, HCO,-, and Ck 


Types of Ions in the 
Plasma 

Before Diffusion 
Na"*^ and Ck 

After Diffusion 
Na% Ck, and HCO,- 
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Notice that not all the bicarbonate ions formed in the cell pass 
across the membrane. At equilibrium, about 60 per cent of the 
bicarbonate ions will be in the plasma; the other 40 per cent will 
be in the red blood cells. This passage of chloride ions into the 
red blood cells when carbon dioxide enters the blood is called the 
chloride shift, 

A small amount of the carbon dioxide entering the red blood 
cells combines directly with the free amino (NHg) groups of 
the hemoglobin to form carbamate linkages. 

HHbNH, + CO, HHbNHCOOH 

In summary, we may say that the carbon dioxide entering 
the blood from the tissues is transported to the lungs in the 
following forms : 

(1) A small amount (about 5 per cent of the total) is trans¬ 
ported in simple solution in the plasma. 

(2) Another small amount (probably about 10 per cent) is 
transported by means of carbamate linkages. 

(3) The majority is transported as bicarbonate. About 40 
per cent of the bicarbonate ions is in the red blood cells, and 
about 60 per cent is in the plasma. 

Passage of Carbon Dioxide From the Blood Into the Lungs.— 
When blood enters the blood vessels (capillaries) of the lungs, 
most of the reduced hemoglobin is converted to oxyhemoglobin. 

HHb + O, —^ ITlTbOg 

HHbOj is a stronger acid than HHb. In other words, it has a 
greater affinity for (tendency to form salts with) potassium 
ions than has HHb. The reactions that took place in the tissues, 
therefore, are reversed, with the rapid formation of KHbOj and 
HjCOg in the red blood cells. In the presence of carbonic an- 
hydrase, this HjCOg quickly forms CO* and HjO. The carbon 
dioxide tension of the alveoli (air sacs) of the lunp is about 
40 mm. of mercury. This is less than that of the blood, and the 
carbon dioxide formed in the red blood cells diffuses first into 
the plasma, and then into the lungs. As the bicarbonate ions of 
the red blood cells disappear, bicarbonate ions and chloride ions 



CHEMISTRY OF RESPIRATION 


601 


pass across the cell membrane—^bicarbonate ions into the cells, 
and chloride ions into the plasma. These reactions are rapid 
enough so that about 10 to 15 per cent of the free and combined 
carbon dioxide is removed during the passage of blood through 
the lung capillaries. 

Potassium oxyhemoglobinate (KHbOg), in contrast to reduced 
liemoglobin (HHb), lias little tendency to foiTn carbamates, and 
much of the carbamate carbon dioxide splits off as free gas. This 
free gas escapes into the lungs. 

We can summarize the events taking place in the lungs by 
saying they are the reverse of the reactions taking place in the 
tissues. In the tissues, carbon dioxide enters the blood, where 
most of it is converted to bicarbonate. In the lungs, a portion of 
the bicarbonate (as well as a majority of the carbamate carbon 
dioxide) is converted to carbon dioxide gas, which escapes into 
the alveoli of the lungs. 


Study Questions 

1. Define: metabolism, anabolism, catabolism. 

2. Give a chemical definition of respiration. 

3. What substance is respomsible for most of the color of the blood f 

4. What type of organic compound is heme? 

5. What is the valence of the iron combined in the heme molecule? Does 
this valence change when reduced hemoglobin is converted to oxy¬ 
hemoglobin? 

C. What type of protein is globin? 

7. What is the approximate molecular weight of hemoglobin? 

8. How many atoms of iron are believed to be present in one molecule of 
hemoglobin? 

9. How many oxygen molecules can combine loosely with the iron present 
in a molecule of hemoglobin? 

10. How does the prosthetic group of methemoglobin differ from that of 
reduced hemoglobin? 

11. What is hematin? 

12. How can acid hematin be formed? Will this substance combine loosely 
with molecular oxygen? 

13. How can crystalline hemin be prepared? What is the valence of the 
iron in hemin? What halogen atom is present in its molecule? 

14. Explain why carbon monoxide is a poison. What treatment do you 
suppose might be most effective for carbon monoxide poisoning? Ex¬ 
plain. 
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15. How much loosely combined oxygen is present in 1 g. of fully oxygon* 
ated hemoglobin (oxyhemoglobin)? 

16. What force causes oxygen to move from the alveoli of the lungs into 
the blood? 

17. About how much blood passes through the lungs in an hour? 

18. Calculate the approximate amount of hemoglobin present in the body. 

19. How much loosely bound oxygen is present in 100 cc. of arterial blood? 

20. What is the oxygen tension of the tissues? 

21. List the factors that favor the conversion of oxyhemoglobin to reduced 
hemoglobin in the tissues. 

22. What two chemical changes usually are involved in the oxidation of a 
food molecule in the body? 

23. What enzyme prevents the accumulation of hydrogen peroxide in the 
tissues? Why is hydrogen peroxide a poison? 

24. Define: dehydrogenase, hydrogen donator, hydrogen acceptor. 

25. What is the postulated mechanism by which dehydrogenases catalyze 
the transfer of hydrogen atoms? 

26. How do aerobic and anaerobic dehydrogenases differ? 

27. What type of chemical compound is coenzyme I? Coenzyme II? 

28. Give three synonyms for coenzyme I and two synonyms for coenzyme II. 

29. List the products of hydrolysis of coenzymes I and II. 

30. What portion of the coenzyme molecule is important in hydrogen 
transfer? 

31. What vitamin is necessary for the formation of coenzymes I and II 
in the animal body? 

32. Write an equation illustrating the transfer of hydrogen from a food 
molecule to a coenzyme molecule. What special name sometimes is 
given to the dehydrogenase catalyzing this reaction? 

33. Give three synonyms for flavoprotein. 

34. What type of protein is a flavoprotein? 

35. List the products of hydrolysis of the two types of flavoprotein pros¬ 
thetic group. Which of these products are present in the vitamin ribo¬ 
flavin? 

36. Write an equation illustrating the transfer of hydrogen atoms from 
reduced coenzyme to flavoprotein. 

37. What metal is present in the prosthetic groups of the cytochromes? 
What is its valence? 

38. How many different cytochromes are known? 

39. How many hydrogen atoms are required to reduce a molecule of cyto¬ 
chrome? 

40. Give three synonyms for cytochrome oxidase. 

41. What is believed to be the function of cytochrome oxidase? 

42. What substance takes hydrogen from cytochrome oxidase? 

43. What metal probably is present in the cytochrome oxidase molecule? 
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44. Write five equations summarizing the transfer of two hydrogen atoms 
from a food molecule to molecular oxygen. 

45. What is the fate of the water formed in the tissues! 

46. Are most of the potassium ions of the blood in the red blood cells or 
in the plasma? Most of the sodium ions? 

47. Write a series of symbolic equations summarizing the chemical changes 
that take place when carbon dioxide enters the blood. 

48. Write a series of symbolic equations summarizing the chemical changes 
that take place when carbon dioxide leaves the blood. 

49. How do you explain the fact that carbonic anhydrase catalyzes the 
formation of carbonic acid in the tissues and the breakdown of car¬ 
bonic acid in the lung capillaries? 

50. What is meant by the term chloride shift? Explain why it occurs. 

51. About wdiat percentage of the combined carbon dioxide of the blood 
is transported as carbamate? As free gas? 

52. What is the partial pressure (tension) of carbon dioxide in the tissues? 
In the alveoli of the lungs? 

53. What percentage of the bicarbonate of the blood is in the plasma? 

54. Which is the stronger acid, reduced hemoglobin or oxyhemoglobin? 

55. Approximately what percentage of the free and combined carbon di¬ 
oxide is removed during the passage of blood through the lungs? 

56. Approximately what percentage of the loosely bound oxygen is removed 
during the passage of blood through the tissues? 

References 

Bar^roft, J.; The Significance of Hemoglobin, Physiol. Rev, 4: 329, 
1924. 

Anson, M. L,, and Mirsky, A. E.: Hemoglobin, the Heme Pigments, and 
Cellular Respiration, Physiol. Rev, 10: 506, 1930. 

Baumann, C. A., and Stare, F. J,: Coenzymes, Physiol. Rev. 19; 353, 
1939. 

Barron, E, S. G.: Cellular Oxidation Sy.stems, Physiol. Rev. 19; 184, 
1939, 

Potter, V. R.: The Mechanism of Hydrogen Transport in Animal Tissues, 
Medicine 19; 441, 1940. 

Elliot, K, A. C.: Intermediary Metabolites and Respiratory Catalysis, 
Physiol. Rev. 21: 267, 1941. 

Roughton, F. J. W.: Recent Work on Carbon Dioxide Transport by the 
Blood, Physiol. Rev. 15; 241, 1935. 

Michaolis, L.: Biological Oxidations and Reductions, Ann. Rev. Bi- 
ochem. 16: 1, 1947. (Bee also other volumes of the Amiual Meview 
of Biochemistry.) 

Dill, D. B., and Forbes, W. H.: Blood Gas Transport, Ann. Rev. Physiol. 
9; 357, 1947. 

Tauber, H.; Vitamins as Coenzymes, J. Chem. Educa. 16; 10, 1939. 



CHAPTER XXIV 


CARBOPIYDRATE METABOLISM 

Digestion and Absorption 

Digestion is the term used to designate a series of chemical 
reactions that take place in the digestive, or alimentary, tract. 
These reactions bring about the hydrolysis of certain substances 
present in food. Thus, the end products of digestion are all 
hydrolytic products. Carbohydrate digestion results in the 
formation of the three monosaccharides, glucose, fructose, and 
galactose, from certain polysaccharides (starch, dextrins, glyco¬ 
gen) and disaccharides (sucrose, maltose, lactose) present in the 
diet. 

Salivary Digestion. —Saliva, the digestive fluid of the mouth, 
is more than 99 per cent water. Other substances present in 
it are mucin (a glycoprotein), inorganic salts, urea, and en¬ 
zymes. Saliva moistens the mouth cavity and lubricates the 
food so that it can be swallowed easily. The lubricating power 
of saliva is due to the presence of mucin. 

Salivary amylase catalyzes the conversion of starcli to dextrins, 
and, finally, to maltose. Glycogen also yields maltose in its 
presence. 

+ H,0 + H,0 

Starch-> Dextrins -> Maltose 

+ H,0 

Glycogen -> Maltose 

Salivary maltose catalyzes the formation of glucose from maltose. 

GjjSggO,] + HjO-> 2 CjEEj^iO, 

The mixture of amylase and maltase present in saliva frequently 
is called ptyalin. 

Salivary amylase and maltase are extremely efHcient at the 
pH of saliva (6.6 to 7.2). However, salivary digestion seldom 
is complete, because the food remains in the mouth only a short 
time. The salivary enzymes are not effective in the stomach, due 
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to the fact that the gastric (stomach) juice contains free hydro¬ 
chloric acid and has a pH much lower than that of the mouth. 
Digestion in the mouth is of importance chiefly because it causes 
the solution of food particles lodged between the teeth. 

No enzymes important in the digestion of carbohydrates are 
present in gastric juice. 



Fig. 64.—The digestive tract. Why must foods be digested? (From Mc¬ 
Clendon and Pettibone: P.iysiological Chemistry, The C. V. Mosby Co.) 

Pancreatic Digestion.—The pancreas is a large gland that 
empties its digestive fluid (pancreatic juice) into the duodenum, 
or first part of the small intestine. Pancreatic juice is slightly 
alkaline, since it contains appreciable amounts of sodium bi¬ 
carbonate. When this alkaline fluid enters the small intestine, 
it mixes with the acid juice coming from the stomach. As a re- 
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suit, the material in the small intestine usually is slightly acid 
(about pH 6.8). Pancreatic juice contains a number of im¬ 
portant enzymes, four of which are concerned with carbohydrate 
digestion. 

Pancreatic amylase (amylopsin) catalyzes the hydrolysis of 
starch and glycogen, with the formation of maltose. Any dex- 



Pigr. 65.—The salivary plancls. What is the function of saliva? (From 
McClendon and Pettlbone: Physiological Chemistry.) 



Fig. 66.—Drawing of the duodenum, pancreas, and liver. What pan¬ 
creatic enzymes are concerned with carbohydrate digestion? (Prom 
McClendon and Pettlbone: Physiological Chemistry.) 
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trins present also are converted to maltose. Pancreatic maltase, 
sucrase (invertase, saccharase), and lactase catalyze the hy¬ 
drolysis of the disaceharides, maltose, sucrose, and lactose, 

1 maltose + H/)-> 2 j,Uucoso 

1 sucrose + HjO -^ .1 glucose + 1 fructose 

1 lactose -f HjO -> J glucose + 1 galactose 

Intestinal Digestion .—The mucous membrane lining the 
small intestine secretes a fluid called intestinal juice (succus 
entericus). This fluid contains sodium bicarbonate and is slightly 
alkaline. As we have learned already, ordinarily sufficient 
hydrochloric acid to neutralize this bicarbonate enters the in¬ 
testine from the stomacli. Intestinal juice contains a maltase, 
a sucrase, and a lactase. 

Bacterial Action in the Intestine. —Many types of bacteria 
are present in the lower end of the small intestine and in the 
large intestine. Indeed, about one-fourth to one-half the dry 
weight of the stools is due to the presence of microorganisms. 
Certain of these bacteria decompose indigestible carbohydrates 
(celluloses, hemicelluloses, etc.), with the formation of methane, 
hydrogen, carbon dioxide, and organic acids. The organic acids 
thus formed are slightly irritant to the intestine, and it is prob¬ 
able that most of the laxative effect of so-called ^‘bulk foods 
(i.e., foods that contain a high percentage of indigestible carbo¬ 
hydrate) is to be traced to this irritant effect. 

Absorption. —The final end products of carbohydrate digestion 
are glucose, fructose, and galactose. These substances pass from 
the intestinal tract into the blood, which then distributes them 
throughout the body. 

In the presence of intestinal phosphatase, an enzyme present 
in the intestinal mucosa, glucose, fructose, and galactose can 
combine reversibly with phosphoric acid to form esters. Two 
possible explanations of the metabolic importance of this re¬ 
action have been offered: 

(1) Perhaps this formation of phosphate esters is merely a 
reflection of the carbohydrate metabolism of the intestine. As 
we shall find later, hexose phosphates are formed when sugars 
are metabolized in the body. 
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(2) Perhaps the phosphate esters are concerned directly with 
the absorption of the monosaccharides from the digestive tract. 
This theory assumes that the monosaccharide phosphate formed 
as a result of the reaction rapidly leaves the interior of the in¬ 
testine and passes into the intestinal mucous membrane. In the 
interior of this membrane the concentration of free monosac¬ 
charide is very low, and the phosphoric acid ester hydrolyzes, 
with the fomation of free sugar and phosphoric acid : 

Monosaccharide phosphate + H^O ~ ^Monosaccharide + Phosphoric acid 

Most of the phosphoric acid released in this reaction (it is as¬ 
sumed) diffuses back into the intestine, where it unites with a 
second molecule of monosaccharide. The free monosaccharide 
(glucose, fructose, or galactose), after its formation in this way 
in the mucous membrane of the intestine, is assumed to pass 
directly into the blood. 

Intermediary Metabolism 

Intermediary metabolism is a term used to indicate the phases 
of metabolism that take place within the body tissues. In other 
words, this type of metabolism includes the chemical reactions 
that occur after the products of digestion have been absorbed, 
but before their waste products have been eliminated from the 
body. 

Pate of Fructose and Galactose. —If fructose is injected into 
the blood stream of an animal, the amount of glycogen present in 
the animars tissues increases. This indicates that fructose can 
be converted to glycogen in the animal body. When glycogen 
breakdown occurs, the only free monosaccharide fonned is glu¬ 
cose. From these facts, we are led to conclude that most of the 
fructose absorbed from the intestinal tract eventually becomes 
glucose. Other experiments have demonstrated that animals 
from which the intestine and liver have been removed are unable 
to convert fructose to glucose. If either of these organs is pres¬ 
ent, the conversion occurs. These results show that the sites of 
the conversion of fructose to glucose are the liver and the in¬ 
testine. 
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A small amount of fructose appears to be used by the tissues 
without a preliminary conversion to glucose. If fructose is in¬ 
jected into the blood of an animal from which the liver, kidneys, 
and intestine have been removed, and the entire carcass of the 
animal later is analyzed, it is found that some of the injected 
fructose has disappeared. Presumably, this fructose underwent 
some sort of chemical change in the tissues. 


Veins from uppor_ 
part of Body 

LympBaticj 


Thoracic duct 
.juperiop vena cava- 
Pulmonary artery 

Pi^ht auricle *~ 
Inferior vena cava- 
Pi^ht ventricle 

tactcalj 


_Artarlas to uppel^ 

"of Body 


pulmonary vela 



Veini from lower 
part of Body 


LympBatiej 



Left vontricla 


Artcriea to iov/ftp 
part of body 


Flgr. 67.—Diagram of blood circulation. Notice that blood leaves the 
digestive (alimentary) tract through the portal vein. What is the first 
organ reached by a glucose molecule after it leaves the digestive tract? 
(From McClendon and Pettibone: Physiological Chemistry, The C. V. 
Mosby Co.) 
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Experiments similar to those cited have sliown that galactose 
is converted to glucose in the body. This conversion occurs in 
the liver, but not in the intestine. Probably very small amounts 
of galactose can be used as such by the tissues. 

It is apparent that the intermediary metabolism of fructose 
and galactose is largely the intermediary metabolism of glucose, 
since these substances are converted chiefly to glucose in the 
body. 

Glycogen Formation.— Glycogenesis (glycogen formation) 
occurs chiefly in the liver and in the muscles. The blood leaving 
the intestine passes into the portal vein, through which it flows 
directly to the liver. The excess glucose in this blood is removed 
by the liver and converted to glycogen. Many other substances 
(fructose, galactose, lactic acid, glycerol, some amino acids, 
fatty acids with an odd number of carbon atoms in each mole¬ 
cule, and so on) also can be converted to glycogen by the liver. 

Blood leaving the liver is distributed to all the other regions 
of the body. As it passes through the muscles, some of its 
glucose is removed and converted to muscle glycogen. 

Qlycogenolysis. —As the need for glucose arises, liver 
glycogen breaks down (undergoes glycogenolysis) to form it. 
When muscle glycogen brealcs down, however, free glucose never 
is formed. Instead, muscle glycogenolysis results in the pro¬ 
duction of pyruvic and lactic acids. These acids either may be 
converted back to glycogen again, or they may be burned (oxi¬ 
dized), with the formation of carbon dioxide, water, and energy. 

The Blood Sugar Level. —^Practically all the sugar normally 
present in the blood is glucose. The average normal fasting 
level of blood sugar varies from about 70 to about 100 mg. 
per 100 cc. of blood. The organ that has most to do with the 
maintenance of the blood sugar at this level is the liver. When 
the level becomes too low, liver glycogen breaks down, and the 
glucose formed diffuses into the blood. If the level becomes too 
high, the liver removes the excess sugar and stores it as 
glycogen. 

The kidneys also assist in preventing too large an increase in 
the blood sugar level. Normally, almost no sugar is present in 
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the urine. However, when the blood level exceeds a critical 
value, called the renal threshold, sugar appears in the urine and 
is excreted. The average normal value of the renal threshold 
for sugar is about 150 to 170 mg. per 100 cc. of blood. 

Chemical Changes in Muscle Contraction. —When a muscle 
contracts, a series of chemical reactions takes place within it. 
As a result of these reactions, muscle glycogen is converted to 
pyruvic and lactic acids. A portion (about one-fifth) of these 
acids is oxidized to carbon dioxide and water; the remainder 
is converted to glycogen again, either in the muscle or (after 
diffusion into the blood) in the liver. If large amounts of them 
arc formed, some excretion in the urine may occur. 

Anaerobic phase. The formation of pyruvic and lactic acids 
1‘rom muscle glycogen takes place under anaerobic conditions; 
that is, the reactions involved do not require oxygen. In the 
first known reaction, glycogen combines with inorganic phos¬ 
phate and is converted to glueose-l-phosphate. This compound 
then rearranges to form, successively, giucose-6-phosphate and 
fructose-6-phosphate, Fruetose-6-phosphate next combines with 
phosphoric acid to form fructose-1,6-di])hosi)hate. 



The phosphoric acid required for this latter reaction comes 
from the breakdown of adenosine triphosphate (adenylpyro- 
phosphate). A molecule of this substance is composed of a mole¬ 
cule of adenine combined with a molecule of ribose and three 
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molecules of phosphoric acid. When it breaks down in metabolic 
reactions, one molecule of adenosine diphosphate and a molecule 
of phosphoric acid are formed. When adenosine diphosphate 
breaks down, a molecule of adenylic acid and a molecule of 
phosphoric acid are produced. These reactions are reversible. 
If we use the symbol ATP to represent adenosine triphosphate, 
ADP to mean adenosine dix)hosphate, P to indicate phosphoric 
acid, and AA to represent adenylic acid, the above reactions 
can be written symbolically as follows: 

ATP ADP + P 

tt 

AA + P 


The chemical bonds uniting the phosphoric acid radicals with 
adenylic acid to form ADP and ATP are referred to as energy 
rich^’ phosphate bonds. This term is used because a consider¬ 
able amount of energy is released when ATP is hydrolyzed to 
ADP and P, and when ADP is hydrolyzed to AA and P. In 
many cases, when oxidation occurs in metabolism, it is ac¬ 
companied by the simultaneous production of ‘^energy rich^' 
phosphate bands. That is to say, the oxidation is accompanied 
by the simultaneous production of ATP or ADP from AA and 
phosphate. In this way, the energy released by the oxidation 
is stored in phosphate bonds. By means not yet understood, 
this phosphate bond chemical energy can be converted into 
the other types of energy (such as the mechanical energy of a 
contracting muscle) required by the body. 

In the next step, the fructose diphosphate molecule breaks 
down to form two triose molecules. 


Lo 


Dihydroxy ace tone 
phosphate 


O 

H 

H—C—OH 

I /OH 

H—C—O—P=0 

is \0H 

Phosphoglyceric 

aldehyde 
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These two substances are in equilibrium with each other; that 
is, removal of either of them causes a rapid new synthesis of 
it at the expense of the other. 

Phosphoglyceric aldehyde combines with inorganic phosphate 
to form diphosphoglyceric aldehyde. 


0 

hJ 

H—G~OH 

I 

H—C—O—P=i:0 

I 

H 

PliORphoglyceric 
aldehyde 


V)H 


1 H 3 PO, 


OH 

I 

H—C—O—P—O 

I /»" 

H—C—O—P-:0 

I 

H 


Diphosphoglyceric 

aldehv'^ 


In the next step, di])hosphoglycei‘ic acid is + 

dipiiiosphoglyceric aldehyde. Coenzyme 1, i 
phosphopyridiiie nucleotide or DPN (see pag 
for this reaction. 


/OH 


on 
I 

H—C— 0 —P“0 

I ^OH 

H—C—OH 

I /OH 

H—C—O—P..=0 

Diphosphoglyceric 

aldehyde 


f DPN 


( 


H 

IT 


Di 


The diphosphoglyceric acid then lo 
groups to adenylic acid (thus forming 
phate bond) and becomes phosphoglyc 


II 

C—0—P“0 

I \0H 

H-^—OH 

H-i-O-piS" 

i V>H 


+ AA 



^ H- 




Phosphoglyce 

acid 
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The ^-phosphoglyeeric acid formed in this reaction next re¬ 
arranges to form a-phosphogiyceric acid. 


OH 

I 

c=o 


H—C—OH 

I /OH 
H—C—O—P=0 


I 

H 


\ 


OH 


/3-Phosphoglyceric acid 


OH 

I 

€=rO 




OH 


H—C—O—P-O 

I ^OH 

H—C—OH 


I 

H 

a-Phosphoglycoric acid 


The enol form of phosphopyruvie acid is produced by tl)e 
dehydration of the ^^-phosphoglyceric acid. 


.OH 

O 

)H 


OH 

I 

C=::0 

I /OH 
0—o—P^O + 

II V 

C—H 


'^OH 


Phosphopyruvie acid (enol form) 


H,0 


d then loses its phosphate 1o adenylic 
o free pyruvie acid. 


OH 

I 

c—O 
I 

■ AA-> C=rO + ADP 

I 

H—C—H 
I 

H 

Pyruvic 

acid 

/ic acid may take hydrogen from reduced 
Je acid. As will be seen later, however, in 
an adequate oxygen supply the oxidation of 
es place by another mechanism. 
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OH 


OH 

1 

1 


1 

c=o 

C=rO + DPNII, - 

—> H- 

1 

-C—OH 

1 ^- 

— 

1 

H—C—H 

1 

H- 

-C—H 

1 

1 

H 


1 

H 


Pyruvic acid Lactic acid 


Muscle tissue contains a substance called creatine phosphate 
(phosphocreatine). During the anaerobic phase of muscle con¬ 
traction, this substance breaks down reversibly to yield creatine 
and phosphoric acid. 


.OH 

H—N—P^O 

j 

C=NH + H,0 

I 

CH 3 ~N—CH,COOH 
Creatine phosphate 


H—N—H 

I 

C=NH + H 3 PO, 

I 

CH,.coon 

Creatine 


Probably the phosphoric acid released by this hydrolysis is used 
in the resynthesis of adenosine triphosphate and adenosine di¬ 
phosphate from adenylic acid. 

The various phosphatases that catalyze the formation and 
hydrolysis of the phosphoric acid esters concerned in muscle 
glycogenolysis require magnesium ions for maximum efficiency. 

The outline on page 616 summarizes the important reactions 
that occur during the anaerobic phase of muscle glycogenolysis. 

Aerobic phase. Since the reactions just described are 
anaerobic ones, it is apparent that a muscle can contract in 
the complete absence of oxygen. However, under these con¬ 
ditions the muscle soon fatigues. In other words, recovery of 
the muscle after it has contracted requires oxygen. This oxygen 
is used in the oxidation of approximately one-fifth of the 
pyruvic acid and lactic acid formed during the anaerobic phase. 
This oxidation results in the formation of carbon dioxide, water, 
and energy. The energy released by it is utilized in resyn¬ 
thesizing glycogen in order that the muscle again will be able 
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to contract. After a muscle has contracted and recovered, the 
only apparent change is the loss of about one-fifth of the 
glycogen used during the contraction. 

The evidence available at present makes it probable that the 
oxidation of pyruvic acid begins with its conversion in the tissue 
into a larger molecule, after which stepwise oxidation and de¬ 
carboxylation yield carbon dioxide and water. Although the 
details of these chemical reactions are not known with certainty, 
most biochemists that are experts in the field of tissue respira¬ 
tion believe that the oxidation of pyruvic acid occurs mainly by 
way of the so-called tricarboxylic acid cycle. The various re¬ 
actions believed to make up this cycle are given in the following 
series of reactions. 


citric acid 

(H,0) 


CHjCOOH 


U,0 + COOHCH:C*OOOH<-■ 

aconitic acid 


fCHa-COX + COj^- 

unknown acetyl 
intermediate 


COOHCH:COHCOOH 
oxalacetic acid 


(¥20^) 


CH 3 COCOOH + 
pyruvic acid 


(H,0) 


CH,(500H 

COOH CHOH-iH COOH 
iso-citric acid 


4 


(V20z) 


CViO,) 


CHjCOOH 

I 

HjO + COOHCOCH-COOHt: 


COOH • CH 2 • CHOH ■ COOH 
malic acid 

I (H.O) 

COOH CHrCH-COOH 
fumaric acid 




oxalosuccinic acid 


COj -I- COOH CHj CH,-COOH 
succinic acid 

(% 0 ,) 

CHjCOOH 

:»cooh-co-(!!h, + CO, 

a-ketoglutaric acid 


Several interesting points should be noted in studying this 
cycle of reactions. Until recently, it was believed that CO 2 was 
entirely a waste product of animal metabolism, although it was 
known, of course, that plants use this gas to synthesize carbo- 


co, 
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hydrate (see page 512). Reeent studies with carbon dioxide 
containing heavy carbon or radioactive carbon have made it evi¬ 
dent that carbon dioxide can and does enter into metabolic re¬ 
actions in animal tissues. For example, as shown in the tri¬ 
carboxylic acid cycle, carbon dioxide can combine with pjumvic 
acid to form oxalacetic acid. 

The most puzzling feature of the cycle is the identity of the 
two-carbon compound (labeled ''unknown acetyl intermediate'') 
that combines with oxalacetic acid to form aconitic acid. There 
is evidence, based on studies with bacteria, that this substance 
may be acetyl phosphate. In the above equations, the "X" has 
been assumed to be an Oil group, since, no matter what is in 
the tissues, it must become converted to an Oil group by hy¬ 
drolysis in order that aconitic acid be formed. 

At one time it was thought that citric acid formed a part of 
the tricarboxylic acid cycle, and, indeed, some biochemists used 
the phrase "citric acid cycle." It is probable that the citric 
acid formed in metabolism comes from a reversible side re¬ 
action of aconitic acid, as shown in the diagram. 

If a careful count is made of the oxygen used, and of the 
carbon dioxide and water produced, during one complete cycle, 
it will be found that the over-all reaction can be represented by 
the equation, 

CH:,C().COOH -f -> SCO, + 2H,0. 

In other words, one molecule of pyruvic acid is oxidized com¬ 
pletely to carbon dioxide and water in one complete cycle. 

Although the tricarboxylic acid cycle first was investigated in 
connection with carbohydrate metabolism, it is becoming in¬ 
creasingly probable that it is important also in the metabolism 
of fats and proteins. During the catabolism of fatty acids, 
some unknown two-carbon compound must be formed (see page 
634), and it is possible that it may be identical with the com¬ 
pound formed from pyruvic acid. If this is true, the end stages 
of fatty acid metabolism could be identical with those of carbo¬ 
hydrate metabolism. It has been known for a long time that a 
large percentage of the amino acids present in proteins can be 
converted to carbohydrate, and hence to pyruvic acid, in the 
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body. It is known also that glutamic acid, an amino acid found 
in proteins (see page 550), can be converted to a-ketoglutaric 
acid in the tissues. Hence, the tricarboxylic acid cycle may be 
important in the catabolism of amino acids. 

The Lactic Acid Cycle. —Cori has pointed out that the carbon 
atoms in a lactic acid molecule might be present, in turn, in 
each of the following types of molecule: blood lactic acid, 
liver glycogen, blood glucose, and muscle glycogen. 

Muscle glycogen 

^ \ 

Blood lactic acid Blood glucose 

\ 

Liver glycogen 

Metabolism of Nerve Tissue. —The brain, spinal cord, and 
nerves of the body appear to oxidize carbohydrate almost ex¬ 
clusively during nervous activity. Unlike muscle, nerve tissue 
does not store glycogen, and appears to utilize glucose directly. 
It is interesting that the pyruvic acid formed in nerve metabo¬ 
lism (and perhaps also that formed in muscle metabolism) cannot 
be oxidized to carbon dioxide and water unless a coenzyme, called 
cocarhoxylase (thiamme pyrophosphate), is i)resent. On hy¬ 
drolysis, cocarboxylase yields thiamine (vitamin BJ and i)hos- 
phoric acid. 

The end products of carbohydrate metabolism in nerve tissue, 
and indeed in all other tissues, are carbon dioxide and water. 

Energy of Carbohydrate Oxidation. —It will be recalled that 
a calorie (small calorie or gram calorie) is the amount of heat 
required to raise the temperature of a gram of water 1° C. (from 
14.5® C. to 15.5® C.). In the study of nutrition it is customary 
to use the large calorie, which is 1,000 small calories, as a unit. 
Now, of course, all the energy released during metabolism is not 
in the form of heat energy. However, since all forms of energy 
can be converted quantitatively to heat, it is convenient to meas¬ 
ure the energy of metabolism as heat. 

The complete oxidation of 1 g. of carbohydrate in the tissues 
yields about 4 large calories (4,000 small calories) of energy. 
Seventy'five to 80 per cent of this energy is heat; the remainder 
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is used in causing glands to secrete, nerves to conduct, muscles 
to contract, and so on. As an engine, then, the body is 20 to 25 
per cent eflScient, since only this percentage of the total energy 
production can be used to do useful work. These figures may 
seem low, but actually they compare favorably with the figures 
for steam and gasoline engines. 

Formation of Fat From Carbohydrate. —^Each of us knows 
that the ingestion of excessive amounts of carbohydrates 
(sweets) will lead to a deposition of stored fat. The chemical 
reactions leading to the formation of this fat are unknown. It is 
possible that the glycerol portion of the fat molecule may be 
formed by the reduction of glyceric aldehyde, the phosphorylated 
form of which is produced during muscle contraction. Since the 
fatty acids present in stored fat contain an even number of 
carbon atoms in each molecule, it seems reasonable that they 
may be built up by the condensation of some compound contain¬ 
ing two carbon atoms. Conceivably, the unknown two-carbon 
atom compound might be identical with the compound produced 
from pyruvic acid (see tricarboxylic acid cycle (])age 617). 

Lactose Formation, —The sugar present in milk is the 
disaccharide lactose. Since lactose yields glucose and galactose 
on hydrolysis, it might be supposed that the mammary gland 
(breast) removes these monosaccharides from the blood and con¬ 
verts them to lactose. However, it appears that galactose is not 
required for milk sugar synthesis. During periods of lactation 
(milk production), the mammary glands remove glucose from 
the blood and, by some mechanism as yet unknown, convert it 
to lactose. 

Hormonal Control of Carbohydrate Metabolism. —Scattered 
throughout the body are groups of cells known as endocrine, or 
ductless, glands (see Chapter XXVIII). These cells manu¬ 
facture substances, called hormones, which assist in the control 
and modification of metabolism. Hormones are transported to 
the various tissues by the blood. 

Insulin is manufactured by small groups of cells (the isles of 
Langerhans) scattered throughout the pancreas. When it is 
injected into the blood, the level of blood sugar rapidly falls, and 
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the rate of sugar oxidation in the body increases. After a short 
time it is found that the amount of glycogen in the muscles and 
in the liver has increased. The functions of insulin appear to be: 

(1) To speed up the conversion of blood glucose to muscle 
glycogen. 

(2) To check the breakdown of liver glycogen. Since sub¬ 
stances in the blood constantly are being removed and changed 
to liver glycogen, the amount of glycogen in the liver increases 
after insulin secretion or injection. 

(3) To increase the rate of carbohydrate burning in the body. 

The first step in the conversion of glucose to glycogen in the 

liver appears to be the formation of glucose-6-phosphate. This 
reaction is catalyzed by an enzyme known as hexokinase. Glu- 
cose-6-phosphate then rearranges (in the presence of the en¬ 
zyme phosphoglxvcomutase) to form glucose-l-phosphate. In 
the presence of the enzyme phosphorylase glucose-l-phosphate 
forms glycogen and phosphoric acid. Dr. C. F. Cori and his 
associates have reported recently that hexokinase is inliibited 
by an extract of the anterior lobe of the pituitary gland (see 
page 698), with tlie over-all result that the formation of glycogen 
from glucose is slowed. They reported further that insulin 
can counteract this inhibition, thus speeding up the formation 
of glycogen from glucose in the presence of pituitary extract. 
Although the experiments just cited were carried out in vitro 
(in glass, meaning in laboratory apparatus rather than in the 
living animal), it is reasonable to suppose that insulin exerts 
this same effect in vivo (i.e., in the living animal). If this is 
true, one function of the hormone is to regulate the rate of 
formation of liver glycogen from glucose. 

If insulin is not formed in the body in proper amounts, the dis¬ 
ease known as diabetes mellitus results (see page 680). 

Adrenaline {epinephrine) is formed by the medulla (inner 
portion) of the adrenal glands. One adrenal gland is perched 
on top of each kidney. Adrenaline causes a rapid breakdown of 
both liver glycogen and muscle glycogen. As a result of the liver 
glycogenolysis, the blood sugar level rises. The rate of carbo¬ 
hydrate oxidation increases for a time after adrenalin is in¬ 
jected or secreted. 
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The pituitary gland is attached to the base of the brain by 
means of a stalk, called the infundibulum. One of its hormones 
may stimulate the isles of liangerhans to secrete insulin and so 
cause an increased deposition of glycogen in the liver. Another 
pituitary hormone tends to cause an elevation of the blood sugar 
level, particularly when the animal or person is receiving a diet 
high in carbohydrate. 



Thyroxine, the hormone of the thyroid gland (located in the 
neck), tends to oppose the action of insulin. When too much 
thyroxine is secreted, carbohydrate utilization is not as elBcient 
as it should be. 
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The hormone (cortin) of the adrenal cortex (outer portion of 
the gland) also opposes insulin to some extent. When this gland 
is inactive, or is destroyed by disease, the blood sugar level is 
lower than normal, and the ability of the liver to synthesize 
glycogen from amino acids seems to be reduced. 

Excretion 

The carbon dioxide and water formed by the catabolism of 
(‘arbohydrates are eliminated from the body as described in 
Chapter XXIII. There still remains to be discussed the mecha¬ 
nism that normally prevents the escape of the glucose of the 
blood into the urine. 



Pig. 69.—The urinary tract of the male. What Is the function of this 
system? (Prom McClendon and Pettibone: Physiological Chemistry.) 

Formation of Urine. —The blood vessels (arteries) entering 
the kidney break up into smaller and smaller vessels, called 
arterioles. Bach tiny arteriole finally becomes a tiny, thin-walled 
structure, called a capillary. This capillary is coiled up like 
a ball of yarn (see Fig. 68), forming a structure known as a 
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glomerulus. Surrounding each glomerulus is a structure (Bow¬ 
man's capsule) from which there passes out a small tubule. 
These small tubules from all parts of the kidney join together 
to form larger collecting tubules. Finally, the collecting tubules 
empty into a cavity known as the pelvis of the kidney. From the 
pelvis, urine passes down the ureter to the urinary bladder. The 
bladder empties itself through a single tubular structure, the 
urethra. 



Fig. 70.—Sumnjary of carbohydrate metabolism. What are the final end 
products of carbohydrate catabolism? (Adapted from Arnow; Introduction 
to Physiologrlcal and Pathological Chemistry.) 

The wall of the glomerular capillary is an ultrafilter, or dialyz¬ 
ing membrane. As blood passes through the glomerulus, all the 
molecules in solution in the plasma, except the protein molecules, 
can pass across the membrane into Bowman’s capsule. As this 
ultrafiltrate passes down the tubule, however, a part of some 
of the substances present (especially water, sodium bicarbonate, 
sodium chloride, and glucose) diffuse back into the blood again. 
Nearly all the glucose re-enters the blood in this way. The kid¬ 
ney is a rich source of phosphatase, and there is evidence that 
glucose is converted to glucose-l-phosphate before this absorption 
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occurs. In other words, the absorption of glucose from the 
kidney tubules seems to resemble its absorption from the in¬ 
testine. 

Some substances (e. g., ammonium salts, hippuric acid) are 
made by the cells of the tubules and pass out of the body with 
the urine. Urine that reaches the urinary bladder thus can be 
described by means of the following word equation: 

Urine = Glomerular ultrafiltrate - Substances reabsorbed in the tubules 
+ Substances secreted by the tubular cells 

Study Questions 

1. Define digestion. What are the end products of carbohydrate di¬ 
gestion? 

2. What percentage of saliva is water! Name some other substances pres¬ 
ent in saliva. 

3. Name the salivary enzymes important in carbohydrate digestion, and 
indicate the function of each. 

4. What is ptyalin! 

5. What is the pH of saliva! 

6. Why does salivary digestion cease when swallowed food becomes mixed 
with gastric juice! 

7. Is gastric juice important in the digestion of carbohydrates! Why! 

8. List the pancreatic and intestinal enzymes that catalyze carbohy¬ 
drate digestion. Indicate the function of each. 

9. What is the end product of starch digestion! Of glycogen digestion! 

10. What are the end products of sucrose digestion! Of lactose digestion! 
Of maltose digestion! 

11. What types of substances are formed from carbohydrates by bacterial 
activity in the intestine! 

12. What fraction of the dry weight of the stools is due to the presence 
of bacteria! 

13. How do you explain the laxative action of ^‘bulk foods 

14. Describe the mechanism by means of which monosaccharides are ab¬ 
sorbed from the digestive tract. 

15. Define intermediary metabolism. 

16. What is the fate of fructose in the body! Of galactose! 

17. What organs convert fructose to glucose! Galactose to glucose? 

18. Define: glycogenosis, glycogenolysis. 

19. Name five substances that can form glycogen in the liver. 

20. What are the two substances formed by muscle glycogenolysis! 

21. What organ is most important in controlling the level of blood glucose! 

22. How does the kidney assist in the control of the blood sugar level! 

23. What is the average normal value of the fasting blood glucose level! 
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24. What is meant by the term renal threshold? What is the average nor¬ 
mal value of the renal threshold for glucose? 

25. List the chemical changes that take place during the anaerobic pha.se 
of muscle contraction. During the aerobic phase. 

26. How does adenylic acid differ from adenosine triphosphate? 

27. By what mechanism does dihydroxyacetone phosphate become changed 
to phosphoglyceric acid during muscle contraction? 

28. What change does creatine phosphate undergo during muscle contrac 
tion? 

29. What inorganic ion is necessary for the maximum efficiency of phos 
phatase ? 

30. Can a muscle contract in the absence of oxygen? Can it recover? 

31. What is the fate of the pyruvic acid and lactic acid formed during 
muscle contraction? 

32. Make a diagram illustrating the Cori (lactic acid) cycle. 

33. In what way does the carbohydrate metabolism of nerve tissue differ 
from that of muscle tissue? 

34. What vitamin is necessary for the oxidation of pyruvic acid in nerve 
tissue? 

35. What are the end products of carbohydrate catabolism? 

36. Can fat be formed from carbohydrate in the body? How do you know? 

37. What is a large caloric? A small calorie? 

38. How many large calories of energy are pfoduced by the oxidation of 
one gram of carbohydrate in the body? 

39. What is the approximate efficiency of the body as an engine? 

40. From what sugar does the mammary gland apparently synthesize lac¬ 
tose? 

41. What is a hormone? 

42. Indicate the function of each of the following hormones in carbohy 
drate metabolism: insulin, adrenaline, thyroxine, cortin. 

43. How does the pituitary gland influence carbohydrate metabolism? 

44. By what routes are the carbon dioxide and water formed in carbo¬ 
hydrate metabolism eliminated from the body? 

45. Explain how the kidney forms urine. 

46. Why is glucose ordinarily not present in appreciable quantities in 
urine ? 

47. What is the possible role of phosphatase in the reabsorption of glu¬ 
cose by the kidney tubules? 

48. Make a diagram of the tricarboxylic acid cycle. 
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CHAPTER XXV 


LIPID METABOLISM 

Digestion and Absorption 

Salivary Lipase.—It has been claimed that small amounts 
of a lipase (fat-splitting enz3Tne) can be detected in saliva. It 
is easy to demonstrate experimentally, however, that the hy¬ 
drolysis (digestion) of fats in the presence of saliva is too slight 
to be of any importance in the normal processes of digestion. 
Perhaps fats adsorbed on the teeth are hydrolyzed slowly. 

Oastric Lipase.—Gastric juice contains an enzyme known as 
gastric lipase. This substance can be obtained by extracting dry 
gastric mucosa (stomach lining) with dilute alkali, or with water 
and glycerol. At a pH of 5 (its optimum pH) it digests fats 
slowly. Moreover, only fats that are emulsified (such as the fat 
of milk or the fat of egg yolk) are attacked by it. If we remem¬ 
ber that gastric juice is almost always more acid than pH 5 
(since it contains hydrochloric acid), we are forced to conclude 
that gastric digestion of fats is of minor, if any, importance. 

Bile.—The digestive enzymes are soluble in water or dilute 
salt solutions, but they are not soluble in fats. The enzymes that 
are concerned in fat digestion thus can attack the fat only at 
the surface between the fat particle and the enzyme solution. 
The total surface of the fat particles (and therefore the rate of 
fat digestion) is increased enormously if the fat is emulsified 
(see pages 48 and 52). 

Fats that reach the intestinal tract are emulsified by bile. Bile 
is a yellow-brown or green liquid with an intensely bitter taste. 
It contains sodium bicarbonate and is slightly alkaline (about 
pH 8) in reaction. After its formation in the liver, bile is 
stored for a time in the gall bladder, where it loses water to the 
blood and becomes concentrated. During this storage period, 
sodium bicarbonate diffuses back into the blood and the pH de- 
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creases to a value between 5.5 and 7. When fat enters the small 
intestine, the gall bladder gradually contracts (see page 703) 
and its contents enter the duodenum. 

The emulsifying power of bile is due to the presence of bile 
salts. The most important of these are sodium glycocholate and 
sodium taurocholate (see page 636). These substances lower 
surface tension and are excellent emulsifying agents. 



Mucosa 

Mu3c. muc. 
3u6mucQ3a 


Muscular 

laycP3 




Fig. 71.—An intestinal villus, showing the mechanism for the absorption 
of digested foods. A villus is a minute, club-shaped structure that projects 
from the mucous membrane lining the intestine. Which one of the vessels 
illustrated conveys most of the dietary fat from the Intestine to the re¬ 
mainder of the body? (From McClendon and PetUbone: Physiological 
Chemistry, The C. V. Mosby Co.) 


Other substances present in bile are cholesterol, inorganic 
chlorides and bicarbonates (sodium, potassium, and calcium), 
and bilirubin. Bilirubin is the chief pigment of the bile. We 
shall find that it is a catabolic product of hemoglobin metabolism. 
Biliverdin and bilicyanin, oxidation products of bilirubin, may 
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be present. Cholesterol, the most important animal sterol, some¬ 
times precipitates in the gall bladder, forming cholesterol gall¬ 
stones. Most gallstones also contain bilirubin, and some of them 
contain calcium. 



Pig. 72.—Diagram Illustrating the circulation of the lymph. How does 
lymph from the intestine reach the blood stream? (Prom McClendon and 
Pettibone; Physiological Chemistry, The C. V. Mosby Co.) 


Pancreatic and Intestinal Digestion. —Pancreatic juice con¬ 
tains an enzyme known as pancreatic lipase, or steapsin. In the 
presence of bile, this enzyme catalyzes the conversion of emulsi- 
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fled fat to fatty acids and glycerol. Intestinal juice also con¬ 
tains a lipase (intestinal lipase). 

Absorption. —The end products of fat digestion are glycerol 
and fatty acids. The glycerol is water soluble; the fatty acids 
are insoluble in water, but they dissolve readily in the presence 
of bile salts. These end products diffuse into the mucous mem¬ 
brane (lining) of the intestine. Here they combine again to 
form fat. Approximately 30 per cent of this fat enters the blood 
directly. The other 70 per cent diffuses (in emulsified form) into 
the lymph, or fluid between the body cells. This lymph passes 
into small lymph vessels (called lacteals in the region of the 
intestine) which convey it to the blood. The relatively large 
lymph vessel that drains the intestinal tract is called the thoracic 
duct. It terminates by emptying into the left subclavian vein in 
the neck. 

There is some evidence that phosphoric acid is necessary for 
the absorption of glycerol, and perhaps also for the absorption 
of fatty acids. 

Some biochemists believe that appreciable quantities of fat can 
be absorbed without preliminary digestion. 

After a meal rich in fat, microscopic observation of the blood 
reveals the presence of many emulsified fat droplets (chylo¬ 
microns). These chylomicrons gradually are removed as the 
blood circulates through the tissues. 

Intermediary Metabolism 

AnaboUc Products of Fatty Acids. —The chief anabolic prod¬ 
ucts of fatty acids arc stored (depot) fat and the lipids necessary 
for the formation of protoplasm. Protoplasm is the material of 
which the cells are composed. 

Depot fat (adipose tissue) is found beneath the skin and 
around many of the organs of the body. It has several important 
functions : 

(1) It serves as a reserve food supply. Ordinarily, the body 
prefers to oxidize carbohydrate for energy purposes. If the 
carbohydrate stores are used up, or if some pathological condi¬ 
tion causes carbohydrate metabolism to be abnormal, depot fat 
will be oxidized. 
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(2) The depot fat beneath the skin acts as a heat insulator. 
Fat is a poor conductor of heat, and adipose tissue assists in pre¬ 
venting a rapid loss of heat from the interior of the body. 

(3) The fat surrounding many organs of the body acts as a 
support for these organs, and helps to protect them from injury. 
If these fat cushions are lost because of starvation or disease, 
some of the body structures (for example, the heart) may 
function improperly as a result of the loss of support. 

The lipids that actually are an integral part of protoplasm 
are chiefly phospholipids. They are not available for energy 
purposes, since removal of them would result in the death of the 
cells. 

Ketone Bodies. —^Acetoacetic acid (diacetic acid), ^-hydroxy- 
butyric acid, and acetone are known collectively as the ketone 
bodies, or acetone bodies. The first two of these are formed dur¬ 
ing fatty acid catabolism. Probably acetone should be regarded 
as a by-product; it is formed by the decarboxylation of (removal 
of carbon dioxide from) acetoacetic acid. 


H H 
H—i- 


i i k 
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H H H 
H—i—(i — 
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H H 

-A—C—0—H 
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Acetone 


Normally, ketone bodies are present in the blood and urine in 
very low concentration. However, whenever carbohydrate 
catabolism is deficient, large amounts of these substances are 
formed, and increased amounts of them are excreted in the urine. 
An increased production of ketone bodies is called ketosis. 
Ketone bodies appear to be manufactured only in the liver, 
but other tissues (such as muscle) can oxidize them to carbon 
dioxide and water. We know now that when an animal is unable 
for some reason to oxidize carbohydrate for energy purposes, 
ketosis results. For example, ketosis can be produced by starva¬ 
tion, or by feeding a diet high in fat and low in carbohydrate; 
it accompanies pathological conditions, such as diabetes mellitus, 
in which carbohydrate metabolism is abnormal. It is evident 
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that the appearance of ketosis under these conditions might be 
explained by either of the following assumptions: 

(1) Perhaps the increased amount of ketone bodies in the 
blood and urine is due to an increased production of them by 
the liver. 

(2) Or, perhaps ketosis results because other tissues are unable 
to remove ketone bodies from the blood and to catabolize them 
unless carbohydrate oxidation is proceeding normally in these 
tissues. 

At the present time, most biochemists appear to favor the first 
assumption (the '^overproduction” theory of ketosis). 

Catabolism of Fatty Acids.—^When a gram of fatty acid is 
oxidized to carbon dioxide and water in the tissues, 9 large 
calories of energy are produced. This is more than twice the 
energy derived from the burning of the same quantity of either 
carbohydrate (4 large calories per gram) or protein (4 large 
calories per gram). 

The fatty acids present in the fat reserves of the body have 
an even number of carbon atoms per molecule. How are we to 
explain the formation of molecules containing four carbon 
atoms (ketone bodies) from such a molecule by oxidation? The 
most widely accepted explanation is known as the theory of 
^-oxidation (beta-oxidation). According to this theory, oxida¬ 
tion of a fatty acid occurs at the jS-carbon atom, with the pro¬ 
duction of acetic acid and a fatty acid molecule two carbon 
atoms shorter than the original molecule. Normally, the acetic 
acid is thought to be oxidized to carbon dioxide and water. 
Thus, stearic acid (18 carbon atoms) would be converted to 
palmitic acid (16 carbon atoms) and acetic acid. The palmitic 
acid then would be converted to myristic acid (14 carbon 
atoms) and acetic acid. This process, if continued, eventually 
would result in the formation of a fatty acid containing four 
carbon atoms in each molecule (butyric acid). The partial 
oxidation of butyric acid would result in ketone body forma¬ 
tion. Finally, under normal conditions at least, the ketone 
body molecules would be oxidized to carbon dioxide and water. 
The exact mechanism of this oxidation is not known, but, for 
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our purposes, we may imagine that the oxidation of butyric 
acid proceeds as indicated by the following equations: 
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It is probable that the end result of j^-oxidation really is not 
acetic acid, but rather is some as yet unknown two-carbon atom 
compound. The possibility that this compound may be oxidized 
by the tricarboxylic acid cycle already has been mentioned. 

The theory of ^-oxidation predicts that only one ketone body 
molecule can be formed from a fatty acid molecule, since all the 
carbon atoms of the fatty acid except the last four are split off 
as acetic acid. Under certain experimental conditions, however, 
it has been found that two or more ketone body molecules may 
be produced during the burning of a single molecule of fatty 
acid. Two explanations for this have been offered: 

(1) Perhaps some of the acetic acid (or other two-carbon 
atom) molecules, instead of being oxidized immediately to car- 
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bon dioxide iind water, combine with each other to form aceto- 
aeetic acid. 

H H H H 

I \ I I 

n—c—cf + H—C—Cf -» H—C—C—C—Cf + H,0 

I \OH I \0H I II I \OH 

H H II O H 

Acetic acid Acetic acid Acetoacetic acid 

(2) Or, perhaps fatty acid molecules can be oxidized at several 
different points simultaneously (multiple alternate oxidation). 
For example, a palmitic acid molecule (16 carbon atoms) might 
be oxidized to four butyric acid molecules if oxidation occurred 
simultaneously at every fourth carbon atom of the molecule. In 
the same way, multiple alternate oxidation might result in the 
fonnation of four molecules of butyric acid and one molecule of 
acetic acid from a stearic acid molecule (18 carbon atoms). 

Certain fatty acids with less than eleven carbon atoms per 
molecule apparently can undergo (o-oxidation (omega-oxidation) 
in the body. When they are fed to animals, dicarboxylic acids 
containing the same number of carbon atoms per molecule ap¬ 
pear in the urine. It is supposed that the end methyl group of 
the fatty acid is oxidized to a carboxyl group. The carbon atom 
of this end methyl group is called the w-carbon atom. 

CH,(CH,),COOH + 3 0-> HOOC(CH,),COOH + H,0 

Pelargonic acid Azelaic acid 

Function of the Liver in Patty Acid Metabolism.— The liver 
is the site of formation of the bile acids, whose salts are neces¬ 
sary for the proper digestion of lipids and for the absorption 
of fatty acids from the intestinal tract. Glycocholic acid is 
formed from cholic acid and glycine. 

Taurine, NHaCHgCHjSOaOH, is believed to be formed in the 
body from cystine or methionine. In the liver it combines with 
cholic acid to form taurocholic acid. Water is split out between 
the COOH group of the cholic acid and the NHg group of the 
taurine. 

Cholic acid is thought to be formed in the liver, but the dietary 
substances required for its synthesis are not known. Probably 
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only small amounts are manufactured each day, because most 
of the bile salts that reach the intestine are reabsorbed and 
returned to the liver by the blood. 



CH, 



The formation and removal of phospholipids are more rapid 
in the liver than in other organs. In general, the fatty acids 
of the phospholipids are more unsaturated (contain more double 
bonds) than the fatty acids of the dietary fat. Probably the 
more unsaturated fatty acids of the food are used in the syn¬ 
thesis of this material. Lipids are not soluble in water, but 
phospholipids form stable emulsions, and are transported readily 
by the blood. 

The formation of ketone bodies and the manufacture of fat 
from carbohydrate and protein are important functions of the 
livmr. 
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Oxidation of Patty Acids in Muscle. —We have no direct 
proof that fatty acids can be oxidized by muscles, but we have 
good reasons for supposing that such a reaction can take place, 

(1) If blood, or a specially prepared nutrient solution, com 
taining ketone bodies is allowed to pass through a muscular 
organ (such as the heart) isolated from the body, but still alive, 
it is found that the ketone bodies disappear. At the same time, 
oxygen is used and carbon dioxide is eliminated. It seems 
reasonable to suppose that the ketone bodies that disappear 
during the experiment are oxidized by the muscle. 

(2) When a food is oxidized in the body, carbon dioxide is 
eliminated and oxygen is used. The number obtained by divid¬ 
ing the volume of carbon dioxide formed by the volume of 
oxygen utilized in a given time by an organ or tissue is called the 
respiratory quotient (R, Q.). 

Volume of CO, produced 
R. Q. Volume of O, used 

On the average, for each 71 cc. of carbon dioxide formed during 
the oxidation of fat, 100 cc. of oxygen are used. The R. Q. for 
fat is thus 0.71. For carbohydrate it is 1.0; for protein, about 
0.83. If a piece of muscle is removed from a starving animal and 
placed in a suitable nutrient fluid, its R. Q. is found to be close 
to 0.71. This finding makes it seem probable that muscles can 
oxidize fat with the production of carbon dioxide and energy. 

Question of Conversion of Pat to Carbohydrate. —It has 
been proved beyond doubt that glycerol can be convei*ted to 
glycogen by the liver. It is likely also that fatty acids with an 
odd number of carbon atoms per molecule can be changed to 
liver glycogen. Probably, however, the ingestion of fatty acids 
containing even numbers of carbon atoms per molecule cannot 
result in an increase in the carbohydrate stores of the body. 
It is true that such fatty acids can, in part at least, be converted 
to carbohydrate by means of the tricarboxylic acid cycle (sec 
page 618). However, if the reactions making up the tricarboxy¬ 
lic acid cycle are studied, it will be apparent that the conversion 
of fatty acid metabolites to carbohydrate involves a simultaneous 
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loss of other carbohydrate molecules, and hence the total amount 
of carboliydrate does not increase. 

Source of Milk Pat. —Milk fat (butter) differs from other 
body fats in its content of lower fatty acids. About one-third 
of the fatty acid content of milk fat is due to the presence of 
fatty acids containing less than 16 carbon atoms per molecule. 

If the fat content of the blood entering a lactating (milk- 
producing) mammary gland is compared with that of the blood 
leaving the same gland, it is found that just sufficient fat to 
account for the fat of the milk formed is removed from the 
blood. In other words, the fat of the blood can be converted to 
milk fat during lactation. The blood phospholipids apparently 
cannot be used for milk fat synthesis. 

Functions of Phospholipids. —Very little is knowui about the 
metabolic functions of the phospholipids. Sphingomyelins are 
found principally in the white myelin slieaths that surround cer¬ 
tain nerves of the body; they are thought to be necessary for the 
formation of these sheaths. Lecithins and ccphalins form stable 
emulsions in water and possibly are important in the transport 
of fatty acids from one tissue to another. They are essential 
components of protoplasm, and indeed, the fonnation of proto¬ 
plasm is the only universally recognized function of the lecithins. 
Ccphalins play a role in blood clotting (see page 653). 

Cholesterol Metabolism. —Cholesterol, in contrast to most 
sterols, readily is absorbed from the intestinal tract. It is 
found in the blood and in all the cells of the body. In the blood 
it exists partly in free form and partly in the form of fatty acid 
esters. 

Cholesterol can be made in the body; it is not a necessary 
component of the diet. It has been estimated that adults manu¬ 
facture 3 to 5 grams of it each day. We do not yet know what 
dietary materials are necessary for its synthesis, although 
recently it has been shown with the aid of a carbon isotope that 
the carbon atoms of acetic acid can be incor])orated into the 
cholesterol molecule. 

Much of the cholesterol that reaches the intestine by way of 
the bile is reabsorbed, but some of it passes down the digestive 
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tract with the products of digestion. During this passage 
through the intestine, about three-fourths of the cholesterol is 
reduced to coprosterol (dihydrocholesterol) by bacterial action. 
The coprosterol and the unchanged cholesterol are eliminated 
from the body in the stools. 

Endocrine Control of Fat Metabolism. —When the thyroid 
gland is underactive, the rate of metabolism decreases, and there 
is a storage of depot fat. The lipid content of the blood is higher 
than normal. Overactivity of this gland gives a reverse picture: 
fat storage is decreased and the level of blood lipids is lower 
than normal. 

The pituitary gland forms a substance that stimulates the 
formation of ketone bodies. Another pituitary hormone appears 
to cause a transfer of depot fat to the liver. In some cases of 
overactivity of this gland, increased storage of depot fat occurs. 

The sex glands have some influence on fat deposition. Under¬ 
activity of these glands sometimes leads to an abnormal type of 
fat deposition. 

Obesity .—Obesity is a term used to indicate the storage of 
excessive amounts of fat in the tissues. In other words, obese peo¬ 
ple are fat people. In a small percentage of cases obesity is due 
to some abnormality of metabolism, or to a disorder of the endo¬ 
crine glands. However, the great majority of fat people be¬ 
come obese because they eat more energy-yieMing food than they 
burn up in their tissues. Obese persons frequently complain 
that they eat no more than thqjr acquaintances of normal weight. 
This may be true, because the amount of food eaten is not always 
of major importance. One-third ounce of butter, two ounces of 
green Lima beans, and one pound of lettuce all have the same 
caloric value. Most fat people prefer foods of high energy con¬ 
tent. 

People tend to become obese as they grow older. There are 
two important reasons for this: (1) as people grow older, they 
exercise less and so require less food for energy purposes; and 
(2) the rate at which food is metabolized in the body becomes 
progressively less with advancing age. It follows that an elderly 
person will become obese if he eats the normal diet of a young 
adult. 
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Excretion 

Carbon dioxide and water are the normal end products of 
fatty acid and glycerol catabolism. They are eliminated from 
the body as described elsewhere (see Chapter XXIII). 

Normally, the excretion of ketone bodies in the urine does not 
exceed 10 to 20 mg. each day. However, in severe ketosis as 
much as 100 grams of acetone, acetoacetic acid, and ^-hydroxy- 
butyric acid may be present in a twenty-four-hour sample of 
urine. 

Ten to 20 per cent by dry weight (2 to 4 per cent by moist 
weight) of the stools is due to the presence of lipids. This 
lipid mixture resembles that of the blood, and its composition is 
not influenced very much by the diet. Most of its appears to be 
excreted into the small intestine from the blood. Approximately 
one-half of it is neutral fat; the remainder is a mixture of free 
fatty acids, soaps, phospholipids, and sterols. 

Study Questions 

1. Is salivary digestion of fats of any importance? Explain. 

2. What type of food fat can be digested by gastric lipase? 

3. How important is the digestion of fat by gastric juice? Explain. 

4. Does bile contain digestive enzymes? 

5. Explain why emulsified fats are digested more rapidly than non- 
emulsified ones. 

6. What is the pH of bile as it leaves the liver? As it enters the small 
intestine? 

7. Name the principal bile salts. What are their functions? 

8. Make a list of the various substances found in bile. 

9. What enzymes catalyze the digestion of fats in the small intestine? 

10. What are the end products of fat digestion? 

11. Describe the absorption of the end products of fat digestion. 

12. Approximately what percentage of digested fat enters the blood 
directly? 

13. What are chylomicrons? 

14. What are the chief anabolic products of ^atty acids? 

15. Describe the functions of depot fat. 

16. Can all the lipid of the body be used for energy purposes in time of 
need ? Explain. 

17. Name the ketone bodies, and give the structural formula of each. 

18. By what type of chemical reaction is acetone formed in the body? 

19. Under what circumstances are large amounts of ketone bodies present 
in the blood and urine? 
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20. What is meant by the term ketosis ^ 

21. What organ manufactures ketone bodies? 

22. What theories have been advanced to explain the appearance of 
ketosis? Which one of these probably is correct? 

23. How many large calories of energy are produced by the oxidation of 
one gram of each of the following in the body: fat, carbohydrate, 
protein? 

24. Explain what is meant by the theory of jS-oxidation. 

25. What two theories have been advanced to explain the production of 
more than one mole of ketone body from a mole of fatty acid in the 
body? 

26. What is meant by w-oxidation? Would you expect palmitic acid to 
undergo this type of oxidation in the body? Why? 

27. List the functions of the liver in fatty acid metabolism. 

28. What are the products of hydrolysis of glycocholic acid? Of tauro* 
cholic acid? 

29. What organ is believed to manufacture cholic acid? 

30. What findings suggest that the liver may be important in beginning 
the catabolism of fatty acids? 

31. What evidence indicates that fatty acids can be burned in muscle 
tissue? 

32. Define respiratory quotient. What is the R. Q. for the complete oxida¬ 
tion of fat in the body? What is it for the oxidation of protein and 
carbohydrate in the body? 

33. What is known about the conversion of fat to carbohydrate in the 
body? 

34. What is the source of milk fat? How does milk fat differ chemically 
from the other tissue fats? 

35. List the known functions of the various phospholipids. 

36. Is cholesterol readily absorbed from the intestinal tract? Is this true 
of most sterols? 

37. Can cholesterol be made in the body? 

38. What is coprosterol? How does it gain entrance into the intestinal 
tract? By what route is it eliminated from the body? 

39. How is fat metabolism influenced by each of the following endocrine 
glands: thyroid, pituitary, gonads (sex glands) ? 

40. What is the most common cause of obesity? 

41. Why do many people tend to become obese as they grow older? 

42. Explain the statement that *^the amount of food eaten is not always 
of major importance in the development of obesity.'' 

43. Approximately how many milligrams of ketone bodies are present in 
a twenty-four-hour sample of normal urine? Is this amount increased 
very much if the patient has a severe ketosis? 

44. What are the usual end products of fat catabolism? How are they 
eliminated from the body? 
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45. What types of lipid are fouud in the stools? What percentage of the 
weight of the stools is due to their presence? What is the most im¬ 
portant source of the lipid of the stools? 
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CHAPTER XXVI 


PR(3TEIN METABOLISM 
Digestion and Absorption 

Salivary Proteinase. —Saliva contains small amounts of a 
proteinase (protein-digesting enzyme), ])ut it is unlikely that 
this enzyme plays any significant role in i:)rotein digestion. 

Gastric Digestion. —Gastric (stomach) juice, when freshly 
secreted, ordinarily has a pIJ of about 1. This relatively high 
acidity is due to the presence of hydrochloric acid. How^cver, 
some apparently normal people (about 5 per cent of young 
adults and perhaps 20 to 30 per cent of elderly adults) secrete 
a gastric juice free of this acid. When food is swalloAved, the 
pH of the stomacli contents may rise to 3 or 4, because the 
proteins and other food buffers combine with much of the hydro¬ 
chloric acid. In addition to its antiseptic properties (HCl de¬ 
stroys many of the microorganisms swallowed with the food), 
hydrochloric acid is necessary for tlie formation of active pepsin 
from inactive pepsinogen (see below). 

Pepsinogen is a protein secreted by the glands of the gastric 
mucosa (stomach lining). In the presence of hydrochloric acid 
(or, for that matter, of other acids), it becomes an active 
proteinase, pepsin. Pepsin has been isolated in crystalline form. 
It is an albumin. Its optimum pll varies with the substrate 
used, but it is in the neighborhood of pH 2 in most cases. In the 
])resence of pepsin, food proteins arc converted to proteoses and 
peptones. 

Ueyinin is an enzyme found in the stomacli of tlie calf and of 
the kid. It catalyzes the change of casein, the principal protein 
of cow’s milk, to paracasein. In the presence of calcium salts, 
calcium paracaseinate then is formed. This substance is in¬ 
soluble and precipitates. (Jrude extracts of calf stomach con¬ 
taining rennin are known as rennet. Dietitians oftim employ 
rennet in pre])aring milk foods and custards. 

Many textbooks state that rennin occurs in tlie stomach of 
human beings. However, there is no convincing evidence for 


643 



644 


ORGANTC AND BIOLOGICAL (^HKMISTRY 



iSurfcLoe 

epitkeliuta 


Pariehal 
cell5 


Chief 

cells 


^— LumerC^ 


Gastric 
P qlcuvis 






Fig, 73.—A microscopic section of the lining of the stomach to show 
the gastric (stomach) glands. Hydrochloric acid Is secreted by the parietal 
cells; pepsinogen is secreted by the chief cells. What is the function of 
pepsin? (From McClendon and PetUbone: Physiological Chemistry, The 
C. V. Mosby Co.) 
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this statement, and, indeed, there is considerable evidence to 
the contrary. Human gastric juice will clot milk, as do extracts 
containing rennin, but this clotting appears to be caused by the 
pepsin present in the juice. 

Pancreatic Digestion. — Trypsinogen and chymotrypsinogen 
are proteins present in pancreatic juice. When this digestive 
fluid enters the small intestine, a substance in it (prokinase) be¬ 
comes converted to enterokinase, Enterokinase then reacts in 
some unknown manner with trypsinogen, forming an active 
proteinase, trypsin. Chymotrypsinogen is converted to an active 
proteinase, chymotrypsin, by trypsin. Trypsin and (*hymo- 
trypsin (as well as their proenzymes trypsinogen and chymo¬ 
trypsinogen) have been isolated in crystalline form. These 
enzymes catalyze the conversion of proteins, proteoses, and pep¬ 
tones to peptides. The pure enzymes are most active in slightly 
alkaline solution, but it has been claimed that pancreatic juice 
digests proteins most efficiently in slightly acid solution in the 
presence of bile. 

Pancreatic juice contains a mixture of pe].)tidases. This mix¬ 
ture formerly was called pancreatic erepsin. All of the poly¬ 
peptidases present are carhoxypolypeptidases; that is, they at¬ 
tack (split off) the amino acid on the carboxyl end of a poly¬ 
peptide chain. For example, the following peptide would 
undergo hydrolysis at the ])eptide linkage indicated by the 

ILN.CH.CO.NH.CH.CO.NH.CH.CO. 

dotted line. Dipeptidases (enzymes that catalyze the hydrol¬ 
ysis of dipeptides) also are present in pancreatic juice. 

Intestinal Digestion. —Intestinal erepsin is the term formerly 
applied to the mixture of peptidases secreted by the intestinal 
mucosa. The intestinal polypeptidases are aminopolypeptidases; 
i.e., they split polypeptides at the linkage indicated below by the 
dotted line: 

H^.CH.CO.lHN.CH.CO.HN.CH.CO.HN.CH.COOH 

I i I I I 

R I R" R"^ 

Dipeptidases also are present. 


NH.CH.OOOH 
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Enzymes eoneeriied with llie hydrolysis of the nneleie acid 
oi* iiucloo[>roteins are se('r('led into the intestine. The (‘onversion 
of nucleic acid to nucleotides is catalyzed hy pohfnudeoiidme. 
Nucleotidase catalyzes the formation of pliosplioric acid and 
nucleosides from nucleotides. Nucleosides ai’e split to pentose 
and purines (or pyrimidines, as the case may be) hy the catalytic 
iiction of nucleosidase. 

Intestinal Putrefaction.—A small percentage of the [)rotein 
of the diet is not digested and absorbed, and intestinal bacteria de¬ 
compose this material, forming peptides, amino acids, ptomaines 
(amines), mercaptans, and phenolic compounds. Indole and 
skatole arc responsible for most of the odor of the stools; they 
are formed from try])tophan. 
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Small amounts of these substances are absorbed from the 
intestinal tract. In most cases, they undergo various changes 
in the tissues (particularly in the liver) tliat result in the forma¬ 
tion of detoxified (non])oisonous) substances. These detoxified 
products are excreted in the urine. For example, indole is 
changed to urinary indican in the liver; the urinary indican thus 
formed leaves the l)ody in the urine. 

Ax 

_„ OSOjOK 

ii r 

Urinary inclican 

Absorption. —The end products of protein digestion are 
amino acids and, ])erhaps, peptides sufficiently soluble to be 
absorbed before they can be hydrolyzed to amino acids. These 
end products pass directly from the intestinal tract into the 
blood stream by simple diffusion. 

Intermediary Metabolism 

Anabolic Products of Amino Acids. —About 80 per cent of 
the solid material of the body cells is protein. This body 
protein constantly is breaking down and re-forming again. 
Most of the amino acids and soluble peptides entering the 
blood from the intestinal tract quickly become incorporated, 
for a time at least, into the tissue protein molecules. Eventually 
they find their way back into the blood. Even during periods of 
fasting, blood plasma contains 4 or 5 mg. of a-amino acid nitro¬ 
gen per 100 cc. If the average molecular weight of the amino 
acids is assumed to be 125, this amount of a-amino acid nitrogen 
corresponds to from 35 to 45 mg. of amino acids. 



648 


ORGANIC AND BIOLOGICAL CHEMISTRY 


Some of the amino acids of the blood can be converted to 
glycogen in the liver. Such amino acids are termed anti¬ 
ketogenic amino acids, because they oppose ketosis by increas¬ 
ing the carbohydrate store of the body. Glycine, alanine, serine, 
cysteine, aspaitic acid, glutamic acid, arginine, prolinc, and 
hydroxyproline are antiketogenic acids. Since depot fat can 
be formed from carboliydrate (see page 620), it follows that 
some of the amino acids of tlu^ diet eventually may be coii- 
v^erted to fat. 

Under certain conditions, at least, leucine, histidine, phenyl¬ 
alanine, and tyrosine can form ketone bodies in the liver. 

All the enzymes, and some of the pigments and hormones, of 
the body are proteins. They are made in the tissues from the 
amino acids present in the blood and other tissue fluids. 

Amino Acid Catabolism in the Liver. —The liver contains 
enymes that catalyze the oxidative deamination of amino acids. 
That is to say, in the presence of oxygen thase enzymes cause 
the formation of a-keto acids and ammonia. 


R.CH.COOII R.C.COOH 

I -. II + ^ H 

NH, NH 

a*Amino acid n:‘lmino acid Hydrogen 

R.C.COOH B.C.COOH 

II + H,0-> II f NH. 

NH O 

a-Imino acid Water a-Keto acid Ammonia 

The keto acids thus formed may be oxidized to carbon dioxide 
and water with the production of energy, or they may be used 
to synthesize glycogen and other anabolic products. 

The ammonia produced by the oxidative deamination of amino 
acids is converted to urea, NH 2 .CO.NH 2 , in the liver. Several 
theories have been advanced to account for this formation. Ac¬ 
cording to one of them, ammonia reacts with carbonic acid 
(carbon dioxide and water), forming ammonium carbonate. 


OH 

u 


OH 

Carbonic acid 


ONH, 

+ 2NH,-> i=0 

(Inh. 

Ammonia Ammonium carbonate 
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The ammonium carbonate is converted to urea by the removal of 
water. 


ONH, 

1 

NH, 


— 

1 

1 

-> c=o 

+ H,0 

ONH, 

j 

ONH, 


Ammonium carbonate 

Ammonium carbamate Water 

NH, 

1 

NH, 

1 


A=o — 

- 0 - 

II 

0 

0 

4- 

1 

ONH, 

NH, 


Ammonium carbamate 

Urea 

Water 


Another postulated mechanism is more complicated. It is 
known as the ornithine cycle. The essential reactions are in¬ 
dicated in the following diagram: 


NH2 

I 

(CH 2 ), 


-f- CQj 


OH 

I 

c=o 

I 

NH 

I 

(CH2)3 


-f NH3 


NH 2 

I 

c=o 

I 

NH 

I 

(CHi). 



Urea Arginine 

The urea formed in the liver diffuses into the blood, which 
transports it to the kidneys. It is eliminated from the body in 
the urine. Approximately 20 to 40 mg. of urea are present in 
100 cc. of normal blood. 
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Urea, then, is one of tlic end products of the amino acid 
catabolism of most animals. The other end products are 
carbon dioxide and water. Biids and reptiles convert ammonia 
to uric acid instead of urea. The mechanism of this conversion 
is unknown. 

Transamination.-“As we liaA^e seen, keto acids are formed 
during- the metabolism of carbohydrates, fatty acids, and amino 
acids. Certain of these keto acids can react i*eversibly with 
glutamic acid or aspai'tic acid to form new amino acids. This 
reaction, which involves the transfer of an amino group from 
one compound to another, is called iransaminaiion. Amim^- 
pkcrase is the s])ecific eiizyme that catalyzes the amino group 
exchange. This enzyme, or jnixture of enzym(‘s, is present in 
most of the body tissues. 

The formation of an a-amino acid from a keto acid is illus¬ 
trated l)y the following i*eaction, in whicli alanine is foi-med from 
pyruvic acid: 


COOH 


COOH 


1 

(CH,), 

CH, 

• rcHo, 

cn. 

1 

1 ^ - 

- I 

1 

OH—NH, 

-{- c—0 

C=:0 4- 

CH NH 

1 

) (AmirioplK 

‘ruse) 1 

1 

COOH 

COOH 

coon 

COOH 

Glutainic 

Pyruvic 

O'Ketoj^hit uric 

Aluniiie 

acid 

acid 

acid 



When the concentration of monocarboxy a-amino acid is high 
and the concentration of monocarboxy keto acid is low, the re¬ 
action goes in the reverse direction, as indicated by the dotted 
arrow. Under these circumstances, monocarboxy amino acids are 
changed to keto acids. This type of deamination (removal of 
amino groups) does not require oxygen, and does not result in 
the formation of ammonia. 

It should be noted that two of the acids given in the above 
equation (pyruvic acid and a-ketoglutaric acid) have been men¬ 
tioned in connection with the tricarboxylic acid cycle (page 
617 ). 

Energy of Protein Catabolism. —If we examine the formula 
for urea, NHo.CO.NHs, we notice that the nitrogen is present 
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in amino groups, just as it is in amino acid molecules. In other 
words, the oxidation of amino acids in the tissues does not in¬ 
volve the oxidation of the nitrogen present in them. Plowever, 
the oxidation of the remainder of tlie amino acid molecule results 
in the formation of carbon dioxide and water, and energy is re¬ 
leased. On the average, the oxidation of a gram of protein 
in Ihe tissu(‘s producers 4 large calories of energy. 

Plasma Proteins. —Each 100 cc. of normal plasma (the liquid 
]>()rti()n oT the })lo()d) contains about 7 gi*ams of ])ro1(‘in. Ap- 
|)roxiniately GO per cent of this ])rotein is serum albumin and 
35 per cent is serum globulin. The other 5 per cent is made 
up chiefly of fibrinogen. Small amounts of prothrombin also 
are present. 

There is a considerable amount of evidence tJiat some o1 these 
])roteins are manufactured in the liver. 

At one time it was believed that the plasma proteins could 
be used neither for the S 3 uithesis of tissue proteins nor for energy’ 
production in the body. The work of recent ^^ars has shown 
conclusive!}' that this belief was incorrect. It is possible to 
supply the protein needs of animals ]\v injecting plasma protein 
solutions into their blood streams, even wlioJi no protein is 
present in the diet. 

One of the functions of the plasma proteins, particularly 
serum albumin, is to assist in the regulation of the exchanges 
of water between the blood capillaries and the tissue fluid 
(lymph). Fig. 74 is a diagram of a blood capillary. At the 
arterial end of the capillary, the blood pressure is about 32 mm. 
of Hg; at the venous end, it amounts to api)roximatel 3 ^ 12 mm. 
of Ilg. This pressure tends to force fluid out of the blood find 
into the tissue spaces. The tissue fluid (lymph) outside the 
capillary contains only small amounts of protein, since the 
capillary wall is a dialyzing membrane. This difference in con¬ 
centration of protein on the two sides of the membrane tends 
to cause fluid to move from the tissue spaces into the blood, be¬ 
cause the colloid (protein) osmotic pressure of the blood is 
higher than that of the tissue fluid. This difference in osmotic 
pressure amounts to about 20 mm. of Hg. Fluid thus passes 
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from the capillary to the tissues at the arterial end, since the 
blood pressure there is higher than the colloid osmotic pressure. 
At the venous end, where the colloid osmotic pressure exceeds the 
blood pressure, fluid passes in the reverse direction. In other 
words, under normal conditions fluid leaves the capillary at 


LYUPHATIC TISSUE OEXX 

\ 

iBTERXAL EHD \ / VENOUS END 



Fig. 74.—Dia^am of a capillary loop. Explain how plasma proteins 
assist in regulating the movement of fluid across the walls of capillaries. 
(From Arnow: Introduction to Physiological and Pathological Chemistry, 
The C. V. Mosby Co.) 


its arterial end, passes into the tissue spaces, and enters the 
capillary again at its venous end. Small amounts of the tissue 
fluid, instead of passing directly'into the blood, enter lymph 
vessels (lymphatics) and thus reach the blood by a roundabout 
route (see page 630). The mechanism just described makes it 
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possible for soluble food molecules and gases in the blood to 
reach the tissue cells, and for waste products formed by the cells 
to be removed. 

In most cases, when harmful bacteria or their toxins (poisons) 
enter the body, antibodies aoon appear in the blood. These anti¬ 
bodies are proteins that assist in destroying the bacteria and 
their toxins. Blood antibodies always appear to accompany the 
serum globulin; that is, if the various blood proteins are sepa¬ 
rated from each other, the blood antibodies will be found to be 
concentrated in the serum globulin fraction. This suggests that 
one of the functions of the serum globulin fraction of the plasma 
protein is to defend the body against invasion by pathogenic 
(disease-producing) bacteria. 

Fibrinogen and prothrombin are globulins, although they are 
not usually considered to be a part of what we have called the 
serum globulin fraction of the plasma protein. They are neces¬ 
sary for blood clotting. When bleeding occui'S, tiny fragments 
of tissue in the blood, called blood platelets or thrombocytes, dis¬ 
integrate and release a material known as thromboplastin. 
Thromboplastin probably is a conjugated protein; at any rate, 
cephalin (one of the phospholipids; see page 286) is present in 
it. In the presence of the calcium ions of the blood and thrombo¬ 
plastin, prothrombin is converted to a protein called thrombin. 

Prothrombin + + Thromboplastin —> Thrombin 

Thrombin then catalyzes the change of the soluble fibrinogen to 
an insoluble protein, fibrin. 

Thrombin + Fibrinogen Fibrin 

Fibrin precipitates as a meshwork of needle-shaped fibers. This 
meshwork, together with the blood cells and fluid trapped within 
it, forms the blood clot. 

Prothrombin cannot be produced by the liver in the absence 
of vitamin K (see page 732). 

A complex organic substance known as heparin has been 
isolated from various tissues. Small amounts of it occur in the 
blood. It inhibits blood clotting, and it has been suggested that 
its presence in the blood prevents clotting within the blood 
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vessels. The amount present is insufficient to prevent clottinj^ 
when large numbers of platelets disintegrate, liowever, as the}^ 
do when bleeding occurs, or when blood is removed from th(‘ 
body. 

Melanin Metabolism .—Melanin is the brown i)igment of the 
skin and hair. Small amounts of it are found also in the retina 
(inner lining) of the eye, in certain glands, and in the nervous 
system. It is thought to be formed in the body from tyrosim^ 
Certain enzymes, called tyrosinases, found in plants and Jowcu’ 
animals, catalyze the oxidation of tyrosine to dihydroxyplienyl- 
alanine. This latter compound also is known as dioxyphenyl¬ 
alanine or dopa (r)iOxyPl)enylAlanine). 



'i'yrosine J)opa 

Tyrosinases have not been }>rovcd to be present in the normal 
tissues of the higher animals, including man, but the foregoing 
reaction is believed to be the first step in melanin synthesis. 
Perhaps it occurs fvdthout the assistance of an enzyme, since, in 
the presence of minute quantities of iron, hydrogen peroxide 
converts tyrosine to dopa. As w^e have seen (see Chapter 
XXIII), hydrogen peroxide and iron are present in the tissues. 

Dopa is converted to melanin in the presence of oxygen and an 
enzyme known as dopa oxidase. Dopa oxidase occurs in special 
cells (melanoblasts) located in the lower layers of the skin and 
in the cells from which the hairs grow. 

Melanin is a brown i)igment, although concentrated solutions 
or suspensions of it appear black. It is readily soluble in 
alkalies, but precipitates from acid solution. Apparently its 
molecule is very large, for it is incapable of passing through 
dialyzing membranes. Only small amounts of it are required 
for intense coloration; indeed, it has been estimated that the 
entire skin of a Negro contains less than 1 g. of melanin. 
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Melanin strongly absorbs both visible and ultraviolet light 
and its function is to protect the tissues below the skin from 
radiant energy, particularly from the ultraviolet radiant energy 
of the sun. As all of us know, exposure to sunlight causes 
an increase in the melanin content of the skin (that is, causes 
tanning). Just how tliis increase is brought about is not known, 
but it is interesting that dopa is formed when tyrosine in solu¬ 
tion is exposed to ultraviolet radiant energy. 

There is evidence that small amounts of melanin are eliminated 
from the body in the uriTie and stools. Pi‘obably larger amounts 
are lost by desquamation (sloughing off of skin). Of course, loss 
of melanin also occurs whenever liair is removed from the body. 

The characteristic color of red hair appears to be due to the 
])resence of an oxidation ])roduct of melanin. 

Purine and Pyrimidine Metabolism. —Purines and pyrimi¬ 
dines occur in nearly every cell in the body, since they are 
constituents of nucleoproteins. We have good evidence that the 
body can manufacture these substam*('s, even if they are absent 
from the diet. For example, a growing infant builds thousands 
of new cells every day, although the milk that makes up most, 
or all, of his diet does not contain j)urines or i)yrimidines. A 
newly hatched chick contains much larger quantities of purines 
and pyrimidines than were present originally in the egg. 

The purines present in nucleoprot.ein molecules are adenine 
and giuinine. When nucleoprotein is catabolized (broken down), 
these compounds arc converted to uric acid, principally in the 
liver. Xanthine and hypoxanthine are formed as intermediate 
compounds. In the following diagram, the enzymes that 
catalyze the various reactions are indicated by parentheses. 


ADENINE 

GUANINE 


(Adeiiase) 


(Ouanase) 


HYPOXANTHINE 

(Xanthine oxidase) 
^ XANTHINE 

I (Xanthine oxidase) 
URIC ACID 


In the case of man and the higher apes the uric acid formed 
by purine catabolism is excreted unchanged in the urine. Other 
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higher animals, whose livers contain an enzyme known as uricase, 
convert the uric acid to allantoin, which is then eliminated in 
the urine as an end product of metabolism. 


HN—CO 


H,N 

0 

1 

OC C—NH 


OC 

C—NH 

1 II ^co 

(Uricase) 

1 

1 


-> 

1 


HN—C—NH 

+ H,0 + 0 

HN- 

-CH—im 


Uric acid Allantoin 


Dalmatian coach hounds excrete both uric acid and allantoin. 
It will be recalled that birds and reptiles convert ammonia, as 
well as purines, to uric acid, which then Ls eliminated in the 
excreta. Certain lower animals, such as the frog and the dogfish, 
convert purines to urea; this substance thus becomes the end 
product of purine metabolism in these species. 

Very little is known about pyrimidine catabolism. There is 
some evidence that the end product of pyrimidine metabolism is 
urea. 

Creatine and Creatinine, — Creatine is found in many tissues 
of the body. It is present in highest concentration in muscle, 
where it exists both as free creatine and as creatine phosphate. 
As we have learned (see page 615), the reversible change of 
creatine phosphate to creatine and phosphoric acid occurs when 
muscles contract. 

Creatine (methylguanidine-acetic acid) is formed in the body 
from the three amino acids, arginine, glycine, and methionine. 
The portion of its molecule donated by each of these acids is in¬ 
dicated in the following formulas by the dotted lines. 


_ 



T|IH2 


CHa—S-'CHa; 


c=-NH ; 

CHa 

'n COOH/' 

C—NH 

1 

1 f 

nNH / 

CHNH, 


N—CH 2 COOH 


T 


1 

CH, 

(Cj:H*)8 

COOH 


(jHNHj 




COOH 

Arginine 

Methionine 

Glycine 

Creatine 
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Creatine is changed in the body to creatinine, which then is 
excreted in the urine. 

- 

N.CH2.COOH 

I 

CH* 

Creatine Creatinine 

Creatine, as well as creatinine, occurs in tlie urine during 
childhood, but usually is ])resent only in small amounts in nor¬ 
mal samples of the urine oi‘ adults. 

Hemoglobin Metabolism. —Hemoglobin is manufactured in 
the bone marrow (soft inner portion of bones). Iron and amino 
acids are necessary for its synthesis (see page 590). Copper is 
not a part of the molecule, but it acts as a catalyst for the syn¬ 
thetic reaction, and hemoglobin formation cannot take place at 
a normal rate unless this metal is in the diet. We do nol know 
with certainty what material is used for the synthesis oC llie 
porphyrin ring system of heme, although there is good evidence 




CH3.C C CH2 CH3.C - - C -CH--CH1 



II II i II 

CH,.C—C t- C.CH, 


CH2.CH2.COOH HOOC.HjCHai 


Bilirubin 

(Compare with formula for heme on page 590 .) 
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that the nitrogen, and perhaps some of the carbons also, of 
this ring are derived from the amino acid, glycine. 

The catabolism of hemoglobin takes place in the liver, spleen, 
and bone marrow. The first breakdown product formed api)ears 
to be verdohemochrornogen. This substance resembles hemo¬ 
globin, but it lias a greenish color. Verdohemochrornogen then 
loses iron and protein to form bilivcrdin, Biliverdin next is con¬ 
verted to hiliruhin, the sulistance responsible for most of the 
yellow color of ]ilasma. 

Bilirubin is removed fi‘om the blood stream by the liver. It 
])asses from tlie liver to the intestinal tract as a component of the 
bile (see page 629). 

In the presence of the intestinal bacteria, liiliriibin undergoes 
several changes. It is first reduced to colorless substances known 
as urobilinogen and stercobilinogen. These compounds then are 
oxidized to the brown pigments, urobilin and stercobilin, which 
are responsible for most of the normal coIot* of the stools. 



Fipr. 75.—Diagram to show the source and fate of urobilinogen. What i.s 
the source of the bilirubin? (From Arnow: Introduction to Physiological 
and Pathological Chemi.stry, The C. V. Mosby Co.) 


A certain amount of the urobilinogen (and stereobilinogen) 
diffuses from the intestine into the blood. However, as the blood 
leaving the intestine passes tlirough the liver, most of the uro¬ 
bilinogen present in it is removed. The fate of this urobilinogen 
is not known with certainty, but it is thought that a portion of it 
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enters the intestine again witJi the bile. Small arnouiils of the 
urobilinogen absorlxul from tlie inlestine succeed in passing 
through the liver without being removed from the 1)lood, and are 
excreted in the urine. Tlie amount present in a tw(‘nty-four-hour 
sample of urine ordinarily is less than 3 mg. 

Excretion 

Most of the organic substances present in urine are end 
products of amino acid or conjugated protein catal)olism. They 
include: 

(1) Urea. This substance is formed in the liver from the 
ammonia produced by the oxidative deamination of amino acids. 
Perhaps some of it is derived from i>yrimidine catabolism. 

(2) Uric acid and allantoin. These compounds are end 
products of purine metabolism. Allantoin is not present in the 
urine of man or* the higher apes. IMost other higher animals ex¬ 
crete allantoin, but not uric acid. 

(3) Creatinine. Creatine, the substance from which ci*eatinine 
is made in the body, also occurs in the urine in childhood, but 
or‘dinai'ily is jrresent only in small amounts during adult life. 

(4) Urochronie. This substance is responsible for most of the 
color of normal urine. It contains nitrogen and, therefore, must 
be a product of pr*otein metabolism. Its structure has not been 
established. 

(5) Hippuric acid. This compound is formed both in the liver 
and in the kidney tubules. On hydrolysis it yields benzoic acid 
and glycine. It is supposed that the body renders benzoic acid 
(present in many foods) less toxic by converting it to hippuric 
acid. 



Hippuric acid 

Ammonium salts are formed by the kidney tubules, probably 
chiefly from glutamine, the amide of the amino acid, glutamic 
acid. The content of ammonium salt is correlated roughly 
with the acidity of the urine; that is, the more acid the urine, 
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the higher the content of amnioniuni salt. Probably the actual 
ammonium compound formed by the kidney is ammonium 
bicarbonate. 

NH. f H ,0 + CO, NH,HCO, 

Ammonia Water Carbon dioxide Ammonium 

bicarbonate 

This substance then combines with the sodium salts of acids. 
For example, during ketosis, acetoacetic acid is excreted partly 
as its sodium salt. In the presence of ammonium bicarbonate, 
sodium bicarbonate and ammonium acetoacetate are formed. 

CH,.CO.CH,.COONa + NH,HCO, NaHCO, + CH,.CO.CH,.COONH, 
Sodium Anunonium Sodium Ammonium 

acetoacetate bicarbonate bicarbonate acetoacetate 

The sodium bicarbonate formed in this reaction diffuses back into 
the blood and the ammonium acetoacetate is excreted. The im¬ 
portance of the formation of ammonium salts by the kidney lies 
in the fact that it helps prevent an excessive loss of base (sodium 
bicarbonate) from the body when acids are eliminated in the 
urine. 

The phosphates and sulfates present in urine are end ijroducts 
of the metabolism of phosphoproteins aJid the sulfur-containing 
amino acids. 

The carbon dioxide and water formed when amino acid 
residues are oxidized in the body are eliminated as described 
in Chapter XXIII. 


Study Questions 

1. Is saliva an important digestive fluid for proteins? 

2 . What is the approximate pH of freshly secreted gastric juice? 

3 . Does the gastric juice of all normal adults contain HCl? 

4 . Why does the pH of the stomach contents rise when food is eaten? 

5 . What are the functions of the HCl of gastric juice? 

0. What is the function of pepsin? 

7 . Is rennin present in human gastric juice? 

8. What is pepsinogen? How is it converted to pepsin? 

9 . What is the optimum pH for pepsin? What type of compound is this 
enzyme? 

10 . How are trypsinogen and chymotrypsi nogen converted to active en¬ 
zymes? 
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11. What substances are digested by trypsin and chymotrypsinf What are 
the end products of this digestion? 

12 . How do carbopeptidases differ from aminopeptidases? Which type is 
present in pancreatic juice? In intestinal juice? 

13. What is the function of dipeptidases? 

14. What are the end products of the digestion of simple proteins? 

15. List the enzymes concerned in the digestion of nucleic acid and give 
the functions of each. 

16. What is meant by intestinal putrefaction? 

17. What compounds are responsible for tlie odor of the stools? For tlic 
color of the stools? 

18. List several substances formed by intestinal bacteria from protein, 
and indicate the amino acid from which each is made. 

19. How is indole detoxitied in the liver? 

20. Describe how amino acids are absorbed from tlie intestinal tract. 

21. How much amino acid nitrogen is present in 100 cc. of blood from 
a fasting person? Where did these amino acids come from? What 
happens to them? 

22. List several anabolic products of amino acids. 

23. Name several antiketogenic and several ketogenic amino acids. 

24. Write equations illustrating the oxidative deamination of an amino 
acid in the liver. 

25. What is the fate of the keto acids formed in the liver? 

26. What is the fate of the ammonia formed in the liver? What organ 
manufactures urea? 

27. Describe two theories of the mechanism by means of which urea is 
formed. Illustrate with equations. 

28. What is the fate of urea? 

29. What substance is secreted by birds and reptiles as an end product 
of ammonia metabolism? 

30. Wliat is meant by transamination? Illustrate by means of an example 
not given in the book. What enzymes catalyze transaminations? 

.‘51. What portion of the protein molecule cannot be oxidized in the body? 

.32. How many large calories of energy are produced by the complete ox¬ 
idation of 1 g. of protein in the body? 

33. Name the plasma proteins. Which one of them is present in highest 
concentration in plasma? 

34. What tissues are believed to manufacture plasma proteins? 

35. Explain how plasma proteins assist in the transfer of food molecules 
from the blood to the cells, and in the passage of waste products from 
the cells to the blood. 

36. What are antibodies? In what fraction of the plasma protein are they 
located? 

37. List the reactions that occur when blood clots. 

38» What vitamin is necessary for the manufacture of prothrombin? 
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;U). What is the suggested function of heparin? 

40. What amino acid is thought to be necessary for the formation of 
melanin ? 

41. What is dopa? What enzyme catalyzes its (fonversion to melanin? 
Where in the body is this enzyme located? 

42. List some of the important properties of melanin. 

4o. What is the function of melanin? 

44. How is melanin excreted from the body? 

4.), Why do we think that purines and pyrimidines can be made in the 
body? 

40. What is the fate of adenine and guanine in the body? 

17. What is the end product of purine metabolism in man? In most otlier 
higher animals? AVhat is uricase? 

48. What animals convert purines to urea? 

49. What is thought to be the end product of pyrimidine metabolism? 

do. Tn what type of tissue is creatine found in greatest abundance? What 

is its function in muscle contraction? 

51. What amino acids are required for creatine synthesis? What portion 
of the creatine molecule is donated by each of these? 

52. What type of chemical change occurs when creatine is converted to 
creatinine? 

55. W’liat is the end product of creatine metabolism in the adult? 

54. Does creatine normally occur in the urine of children? Of adults? 

55. Wdiat substances are known to be necessary for hemoglobin synthesis? 

5(\ Wdiat is the role of copper in hemoglobin synthesis? 

57. In what tissues does hemoglobin breakdown occur? 

58. List the various compounds formed during hemoglobin catabolism. 
AVhat do you suppose is the fate of the protein portion of the hemo¬ 
globin molecule? 

59. IVhat is the fate of the urobilinogen absorbed from the intestine? 

00 . How much urobilinogen is present in a twenty-four-hour sample of nor¬ 
mal urine? 

0 )1. Li.st the more important organic compounds found in urine. From 
what food substances are they derived? 

02. Of what importance is the formation of ammonium salts by the 
kidney? Explain. 

05. What is the source of the phosphates and sulfates in urine? 

04. How are the carbon dioxide and water formed during protein metabo¬ 
lism eliminated from the body? 
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CHAPTER XXVII 


INORGANIC METABOLISM 

Water.—Water is the most abundant compound in the body. 
An infant is approximately 70 per cent water, and the bodies 
of adults contain from 58 to 65 per cent of this substance. As 
these average figures indicate, the water content of tissues gradu¬ 
ally decreases with aging. 

Sources of body water. The daily water intake is correlated 
in a rough way with the energy output of the body, and aver¬ 
ages 1 cc. for each large calorie of energy expended. For most 
adults who do office or professional work, the amount of water 
taken into the body each day in the form of drink or moist food 
will be in the neighborhood of 2,500 ce. Of course, the water re¬ 
quirement is increased greatly by strenuous exercise or by ex¬ 
cessively high temperatures. As a rule, two-thirds of the dietary 
water is derived from the solid and semisolid food ingested; the 
other one-third must be swallowed in liquid form. 

It will be recalled that water is one of the end products of 
catabolism. In other words, a certain amount of it is produced 
in the tissues by chemical reactions. The amount gained in this 
way averages 12 to 14 cc. for each 100 large calories of energy 
liberated. 

Functions of body water. Mast of the substances present in 
the body are dissolved in water, and the great majority of the 
metabolic chemical reactions could not take place in its absence. 
Foods are transported to the cells, and waste products to the 
organs of excretion, by the water of the blood and tissues. The 
water of the blood stream also distributes heat quickly and uni¬ 
formly to all parts of the body, and, when the production of heat 
is excessive, the body is cooled by the evaporation of water from 
the skin and lungs. Water has a higher surface tension than 
the other substances present in the body. Since surface active 
substances tend to collect at interfaces between water and other 
materials of lower surface tension (see Chapter II), the surface 
active enzymes of the body collect at thfe boundary between the 
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water in which they are dissolved and the food to be digested or 
oxidized. Reactions involving ions could not occur in the ab¬ 
sence of water, for, as a inilc, ionization does not take place in 
other solvents. 

Table XV indicates the aiuouiiLs of water used in metabolizing 
some common foods. This water is used chiefly for the dissipa¬ 
tion of the heat of metabolism and for the excretion of waste 
products. Whenever the protein or inorganic content of the 
diet is increased, the water requirement increases also. 


Table XV 

Grams ok Water Required to Metabolize 100 Grams of Food 


FOOD 

GRAMS OF WATER 

I'rotein 

350 

8tarcl) 

46 

Fat 

48 

Reef, sirloin 

.I4:i 

Eggs 

156 

Milk 

48 

Bread 

102 


Distribution of body water. It is convenient to think of 
water as existing in three regions, or compartments, of the body. 
These compartments are: 

(1) The intracellular compartment. The water of this com¬ 
partment is the water present inside cells. The protoplasm of 
which cells arc made is about 80 per cent water, and only a small 
fraction of this can be lost without death of the cells. The intra¬ 
cellular compartment contains 70 to 75 per cent of the total body 
water. 

(2) The vcLWular compartment. The vascular compartment is 
the blood, which contains about 7 per cent of the body water. 
Plasma is 91 per cent water; the blood cells are 60 jier cent 
water. 

(3) The interstitial compartment. Water present in the 
tissues, but outside the cells, is said to be in this compart¬ 
ment. This water (20 to 25 per cent of the total) serves as 
a medium for the transport of materials between the cells and 
the blood. It serves also as stored water; that is, during periods 
of water deprivation, the water necessary for metabolism comes 
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from it. If the fluid in the interstitial compartment is used 
up, life no lonprer is possible. In other words, a loss of from 
one-fifth to one-fourth of the body water results in death. 

Excretion of body water. Water is lost from the body in the 
urine, in the expired air, and from the skin. Small amounts are 
lost in the stools and in saliva. Healthy adults excrete each day 
approximately as much water as they ingest. At rest, approxi¬ 
mately 60 per cent is lost in the urine; 20 per cent, from the 
skin; 14 per cent, in the expired air; and 6 per cent, in the 
stools. Visible sweating does not occur until the skin tempera¬ 
ture exceeds 30° C. (86° F.), but even at lower temperatures 
water evaporates continuously from tlie skin (‘^insensible per¬ 
spiration”). Insensible persi)iration and breathing together 
cause a loss of about 50 g. body weight per hour. This is ex¬ 
plained by the fact that the water and carbon dioxide lost from 
the body weigh more than the oxygen gained. 

Calcium. — Absorption. Calcium is present in foods in both 
organic and inorganic form. There is some evidence, howevei’, 
that most of it is changed to inorganic form in the intestine prior 
to absorption. The calcium present in various foods is not 
equally well absorbed. For example, the calcium of milk readily 
passes out of the small intestine into the blood, but much of the 
calcium in vegetable foods is present in insoluble form (for 
instance, as calcium oxalate) and passes through the digestive 
tract without absorption. 

Calcium absorption is poor when the contents of the intestinal 
tract are alkaline, because mast calcium salts are insoluble in 
alkaline solution. This is particularly true if the diet contains 
an excess of fat, since insoluble calcium soaps may be formed. 
If the diet is high in phosphate, insoluble calcium phosphate may 
precipitate. Sugars appear to favor calcium absorption, perhaps 
because small amounts of organic acids are made from them by 
intestinal bacteria. If the diet of children is deficient in vitamin 
D (see page 728), calcium absorption is diminished. 

Distribution .—Calcium is responsible for about 2 per cent of 
the body weight. Ninety-seven to 99 per cent of it is located in 
the bones and teeth. Calcium is not present in red blood cells, 
but plasma contains 9 to 11.5 mg, per 100 cc. About half of this 
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plasma calcium is in ionic form; the remainder is bound by the 
plasma proteins. Small amounts of calcium (8 m^. per 100 g.) 
occur in muscle tissue. 

The level of plasma calcium is controlled by the parathyroid 
glands (see page 690). 

Functions of calcium. Among the important functions of 
calcium are the following: 

(1) It is required for the formation of bones and teeth. 

(2) It is essential for the clotting of blood. 

(8) It is necessary for the maintenance ot' a normal heart 
rhythm. 

(4) It is a normal conifHment of milk, and is required for 
milk formation. 

(h) Oalciiim ions tcjul to de])i*ess the imltability of nerves. It 
tlie calcium ion levcd of the blood is too low, nerves are over- 
irritable, and tetany (a condition characterized by convulsions, 
or spasmodic contractions of muscles) results. When the 
calcium ion level of the plasma is too high, nerves are depressed 
and coma (a state of unconsciousness resembling anesthesia) 
may result. 

(6) Oah'ium is essential for a normal 1 ‘ate of growth of young 
animals. 

Excretion. Calcium leaves the body in the stools and in the 
urine. The amount present in the stools (0.4 to 0.8 g. per day) 
makes up about two-thirds of the total excreted. Undoubtedly, 
much of this represents material that was not absorbed, but some 
of it probably enters the intestine with the digestive secretions. 
Any factor that increases calcium absorption also increases the 
percentage of the element excreted in the urine. 

Phosphorus. — Absorption. Approximately two-thirds of the 
phosphorus present in average normal diets is absorbed from the 
intestinal tract. Most of the food phosphorus is present in 
nucleoproteins, phosphoproteins, and phospholipids. Excessive 
amounts of calcium in the diet inhibit phosphate absorption. 
Vitamin D is necessary for optimal absorption during childhood. 

Distribution. Most of the phosphorus of the body is in the 
bones and teeth. However, small amounts are present in all 
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nucleated cells, since phosphoric acid is a constituent of nucleo- 
proteins. The total phosphorus of plasma varies from 8 to 18 
mg. per 100 cc. Eed blood cells contain from 47 mg. to 114 mg. 
in each 100 cc. Most of the blood phosphorus is jiresent in or¬ 
ganic fonn. Blood plasma contains from 2.5 to 4.5 mg. of in¬ 
organic, acid-soluble phosphorus per 100 cc. Red blood cells con¬ 
tain slightly lower amounte. 

Functions of phosphorus. (1) Phosphorus is required for 
the synthesis of bones and teeth. 

(2) It is necessary for the formation of nueleoprotein, phos¬ 
pholipids, sugar esters, and other organic phosphorus compounds 
in the tissues. 

(3) Phosphate salts act as buffers in blood and urine. 

(4) Phosphoric acid and organic phosphorus compounds are 
necessary for normal muscle contraction (see page 616). 

(5) It is necessary for the formation of milk. Casein, one of 
the principal milk proteins, is a phosphoprotein. 

(6) It may be necessary for the absorption of sugars from the 
intestinal tT*act and from tim kidney tubules (see pages 607 
and 624). 

(7) It is required for normal growth of young animals. 

Excretion. • About two-thirds of the phosphorus eliminated 

from the body is excreted in the urine. The remainder is present 
in the stools. The phosphorus present in urine is largely a mix¬ 
ture of monosodium phosphate and disodium phosphate. Blood 
plasma, which is slightly alkaline, contains four times as much 
disodium phosphate as monosodium phosphate. In the kidney 
tubules some of this disodium phosphate is converted to the 
monosodium salt. 

NajHPO^ + H,CO. NaH,PO, + NaHCO, 

Disodium Carbonic Monosodium Sodium 

phosphate acid phosphate bicarbonate 

The sodium bicarbonate formed by this reaction diffuses back 
into the blood. In an average sample of urine, the ratio of 
NaH 2 P 04 to Na 2 HP 04 is about 9 ;1, and the pH is in the neigh¬ 
borhood of 6. 
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The Calcification Process. —The inorganic phase of calcified 
tissues (bones and teeth) is similar in chemical composition to 
the group of minerals known as the apatites. The empirical 
formulas of some of these apatites are given below: 


Cal<\[Ca,(POJJ3 

Fluorapatite 


CaClJCa,(PO.),]. 

Chlorapatite 


CaCOJCa^CPOJJ^ 

Bahllite 


Small amounts of magnesium, sodium, and potassium also are 
present, both in the minerals and in bones and teeth. Some 
scientists have suggested that the inorganic phase of calcified 
tissues should be regarded as a crystalline mass in which the 
various atoms and radicals are grouped in a definite geometric 
fasliion. Tn certain regions of the crystalline mass some of tlie 
oxygen atoms may be replaced by OH or F groups; in other 
regions, some of the fluorine atoms may be replaced by OH, Cl, 
or 0 ; some positions ordinarily occupied by phosphorus may be 
occupied in certain regions by carbon; and some of the calcium 
j)ositions may be filled by carbon atoms. The small percentages 
of magnesium, sodium, and potassium present in bones and teeth 
can be explained by assuming that these elements have sub¬ 
stituted for calcium. 

An enzyme, known as phosphatase, is present in high con¬ 
centration in bone. This enzyme is believed to catalyze the 
hydrolysis of phosphoric acid esters in the region of the bone, 
thus causing an increase in the concentration of phosphate ions 
in this region. 


OH 


R.CH,—O—P:;=:0 + ILO 

Water 


(Phosphatase) 


OH 

Phosphoric acid 
ester 


R.GHjOH + H3PO, 
Alcohol Phosphoric 
acid 


In the presence of the calcium ions of the tissue fluids, a pre¬ 
cipitate fonns in the bone. This precipitate is thought to be 
either CaHP 04 or a mixture of CaHP 04 and Cag ( 1 ^ 04 ) 0 . As 
time goes on, the CaHP 04 changes to Ca 8 (P 04 ) 2 . Calcium and 
carbonate ions then are deposited in equivalent amounts. These 
events cause the formation of the crystalline bone mass. Various 
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exchanges gradually take place, leading to the introduction of 
F, OH, Mg, K, and Na, as suggested above. 

Iron.— The body of a normal adult contains about 4 g. of 
iron, and three-fourths of this is i)resent in hemoglobin. Most 
of the other one-fourth is stored in the liver; smaller amounts 
are stored in the spleen, kidneys, and muscles; and some iron is 
present in the molecules of certain of the respiratory enzymes 
(see Chapter XXIII). 

The absorption of iron from the intestinal tract is inci'eased 
by the presence of acids, bile, and calcium; it is inhibited by 
alkalies. It seems to be true that the absorption of iron is 
increased whenever the need for this element is great. Certain 
organic forms of ii*on, such as heme iron, cannot readily be ab¬ 
sorbed. There is evidence that ferrous iron (valence 2^) is more 
readily absorbed than ferric iron (valence 3f) ; indeed, some 
scientists believe that ti'ivalent iron always is converted to 
divalent form in the intestine prior to absorption. 

Plasma contains only very small amounts of iron (O.l to 0.13 
mg, per 100 cc.). Tliis ])la.sma iron has a valence of 3(. 
Most of the blood iron is ])resent in the J*ed blood cells. 
About 90 to 95 per cent of the red (^ell iron is (-ondiined 
with hemoglobin. The remaining 5 to 10 ])er cent is called 
''easily split off iron,’^ because it is changed to inorganic form 
by the addition o^ mineral acids. Perha])s the “ea.sily split off 
iron” is present as verdohemochromogen (see page 658). 

Only traces of iron are last from the body each day, unless 
bleeding occurs. The iron relea.sed during the catabolism of 
hemoglobin appears to be stored for a time in the liver, or in 
other organs, after which it takes part in the formation of new 
hemoglobin. 

Ferritm. Many tissues of the body, and particular!v' tlu' liver, 
spleen, and intestinal mucosa, contain a colorless pi’otein known 
as ai)oferritin. Under physiologic conditions, a[)oferritin com¬ 
bines with iron (jirobably as Fe(()Jl)o) to form a conjugated 
])rotein known as ferriiin. (hystalline ferritin contains approx¬ 
imately 23 j)er cent of iron, all in the ferric state. There is 
increasing evidence that much, if not all, of the stored iron of 
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the body (i.e., iron not present in inohn-nles sueli as henio- 

j^lobin and tissue enzynn^s) is ]>resent as l'e]*ritin. It has been 
sugj^ested that ferritin plays an important role in the absorp¬ 
tion of iron fi-om the intestinal Iraet. A('(‘ording to this theory, 
ii'on is absor])ed into the (-ells lining tin; small intestine in fer¬ 
rous form. In the intestinal niueosai eells, th(‘ ferrous iron 
eombines with ajioferritin to form ferritin, and thus becomes 
Ke''^ After a time, all tlie apoferritin i)resent will Jiave been 
converted to ferritin, and the cells will be ‘'physiologically sat- 
iii'ated” with Fe*y ruder th(*se conditions, further absorption 
of iron fi'om the intestinal tract ceases. Now, it is assumed 
also that the Fe^^ present in the cells is in equilibrium with the 
Fe''"^ present in the plasma. (It will be recalled that the iron 
of the plasma has a valence of Wlumever the body requires 
more iron, the level of plasma iron falls, and some of the Fe'" 
])resent in the intestinal cells is converted to ]dasma iron. Un¬ 
der these circumstances, some of the ferritin dissociates to form 
a])oferritin and Fe*^*. When the amount of feiTitin becomes 
low, more iron then will be absorbed from the intestinal tract, 
and the content of ferritin will increase again. This theory 
ajipear's to ex])iain the puzzling ob.servation that iron is not read¬ 
ily absorbed from the intestine except when the phy.siologic 
need for it is great (i.e., when the body stores of iron are lowered 
b.v loss of blood or by disease). 

Copper and Cobalt. —Copper is not a part of the hemoglobin 
molecule, but it appears to be necessary as a catalyst for hemo¬ 
globin synthesis. If it is absent from the diet, anemia (lowered 
blood level of hemoglobin and red blood cells) results. Some 
copper is stored in the liver, and blood contains traces of it. 

Certain animals (for example, cattle) appear to need cobalt 
also for normal metabolism. Cobalt is apparently a catalyst for 
hemoglobin formation, for an anemia develops if it is absent 
from the diet. 

Iodine. —Iodine is necessary for the formation of thyroxine, 
the hormone of tlie thyroid gland (see page 687). Indeed, this 
substance is 65 per cent iodine by weight. Of the 25 mg. of 
iodine present in the average adult body, 15 mg. (60 per cent) 
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axe located in the thyroid gland. Blood contains about 0.005 to 
0.014 mg. of iodine per 100 cc. There is evidence that some¬ 
thing like half of the total l)lood iodine is present in the form 
of thyroid hormone. 



Fig. 76.—Longitudinal section of an Incisor tooth. How does the fluorine 
content of the enamel of decayed teeth compare with that of the enamel of 
normal teeth? (From McClendon and Pettibone; Physiological Chemistry.) 


Fluorine. —Most of the fluorine of the body is present in the 
bones and teeth (see page 669). The highest concentration 
of it is found in the enamel (outer portion) of the teeth. If 
the water drunk during the first seven years of life (the period 
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during which the enamel of the permanent teeth develops) con¬ 
tains high amounts of fluorine, a condition known as mottled 
enamel results. The enamel of mottled teeth has a chalky ap¬ 
pearance, and readily adsorbs stains from the food. This type of 
enamel is harder than normal, but is more brittle. 

It is now well established that the fluorine of the enamel pro- ^ 
tects in some way against the development of dental caries (tooth 
decay). In regions where the drinking water is fairly high in 
fluorine, the incidence of tooth decay is low. In other regions, 
where only traces of fluorine are present in the surface water, 
dental decay is extremely common. Moreover, it can be shown 
by chemical analysis that the remaining enamel of decayed teeth 
contains less fluorine than the enamel of sound teeth. 

The immediate cause of dental caries is thought to be the 
erosion (solution) of enamel by organic acids. These acids are 
formed from the carbohydrate of the food by certain strains of 
bacteria present in the mouths of persons susceptible to dental 
decay. Strangely enough, these bacteria are not present ordi¬ 
narily in the mouths of people whose teeth are not carious (de¬ 
cayed). Just how the presence of high amounts of fluorine in 
enamel can have an influence on the growth of these bacteria, or 
on the production of acids by them, is not known at the preseni 
time. 

Sodium Chloride. —An average adult eats from 5 to 15 g. 
of sodium chloride each day, and excretes about this same 
amount in the urine. During a fast the amount eliminated in 
the urine falls to very low levels; that is, the body conserves 
salt when it is not present in the diet. 

Sweat contains sodium chloride (approximately 0.7 per cent 
when sweating is profuse), and excessive sweating may result 
in the loss of relatively large amounts of salt. If too much is 
lost in this way, the osmotic pressure of the fluid of the extra¬ 
cellular compartment of the body becomes lower than is usual. 
This causes water to pass into the body cells, which then become 
more irritable than normal. Headache, muscular tremors, con¬ 
vulsions, vomiting, diarrhea, and prostration may appear. This 
condition is known as miners^ cramps or stokers^ cramps. The 
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loss of sodium chloride as a result of profuse sweating is a com¬ 
mon cause of one type of '‘heat stroke/’ 

The ingestion of excessive amounts of sodium cliloride leads 
to an increase in the amount of fluid stored in the inter¬ 
stitial compartment of the body. Under ordinary circiim- 
^ stances this does no harm, but in certain pathological condi¬ 
tions amazingly large quantities of water may be stored in this 
compartment unless the sodium chloride intake is lowered. 

Chloride ions can pass across the membrane of red blood cells 
in both directions; that is, chloride ions ai’e ])resent both inside 
these cells and in the plasma. However, the other body cells ap¬ 
parently do not contain chloride ions. It is interesting, too, that 
most of the sodium ions of the body are outside cells. 

Sodium Bicarbonate. —Sodium bicarbonate is the chief al¬ 
kaline buffer of the blood. It makes up most of the so-called 
alkali reserve of the blood. This compound protects against 
large changes in pH when acids enter the blood. Suppose, for 
example, that some 0.1 N hydrochloric acid is injected into the 
blood stream of an animal. It will be neutralized immediately 
by sodium bicarbonate. 

HCl + NaHC 03 NaCl + H^CO, 

Hydrochloric Sodium Sodium Carbonic 

acid ' bicarbonate chloride acid 

The carbonic acid quickly decomposes to form carbon dioxide 
and water. These reactions cause a slight lowering of the sodium 
bicarbonate and a slight elevation of the sodium chloride levels of 
the blood, but the pH does not change appreciably. 

We have learned that carbon dioxide is transported from tht^ 
tissues to the lungs largely in the form of sodium bicarbonate 
(Chapter XXIII). 

Potassium. —Most of the potassium ions of the body are pres¬ 
ent inside cells. It will be recalled that sodium ions are, for 
the most part, found in the fluids outside the cells. 

The potassium excreted in the urine each day (about 2 g.) 
is equal on the average to the potassium intake. 
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Potassium is necessary for the proper relaxation of the heart 
between beats. It is present in high concentration in nerve 
tissue, and is probably of great importance for the conduction 
of nerve impulses. 

Sulfur. —Nearly all the sulfur present in a normal diet is 
found in the sulfur-containing amino acids (methionine, cystine, 
c.ysteine) of the food proteins. Some of the substances in the 
tissues that contain sulfur are: 

(1) Proteins. 

(2) Glutathione. This is a tripeptide, composed of glycine, 
cysteine, and glutamic acid. It is found in nearly all tissues. 
Since the —SH group of the cysteine easily is oxidized to the 
—S—S— group, it is supposed that the tripeptide may be im¬ 
portant in some of the tissue oxidations and reductions. There 
is some evidence indicating that glutathione is particularly im¬ 
portant for some phases of protein metabolism. 

(3) Taurine, which is present in taurocholic acid and its salts 
(see ])age 635). 

(4) Insulin, the liormoiie of the isles of Langerhans. This sub¬ 
stance is a protein. 

Keratin, the scleroprotein of the skin and hair, contains rela¬ 
tively large amounts of cystine, and sulfur is lost from the 
body whenever hair or skin is lost. Small amounts of sulfur- 
containing compounds enter the intestinal tract with the bile, 
and are excreted with the stools. Approximately 0.9 g. of sulfur 
is eliminated eacli day in the urine. Most (SO per cent) of the 
urinary sulfur is in the form of inorganic sulfates. 

Study Questions 

1. What percentage of the adult body is water? 

2. In what direction does the water content of tissues change with 
aging? 

3. List the sources of body water. 

4. Approximately how many cubic centimeters of water will be required 
per day by a person whose daily energy requirement is 3,000 large 
calories? 

5. On the average, what percentage of the daily water intake must be 

drunk? 
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6. How much water is produced in the body for each 1,000 large calories 
of energy expended? 

7. List the major functions of body water. 

8. Which one of the following would require most water per unit weight 
for its complete metabolism in the body: potatoes, beef, egg albumin, 
sugar, milk ? Explain. 

9. What are the three compartments in which the body water may be as 
Burned to exist? What fraction of the total water of the body normally 
is present in each? Which compartment contains stored water? 

10. What percentage of body water can be lost before death occurs? 

11. How is water excreted from the body? What percentage is excreted 
by each route? 

12. Explain why insensible perspiration and breathing cause a loss of 
weight. 

13. What factors inhibit calcium absorption? What factors assist it? 

14. What fraction of the body calcium is located in the bones and teeth ? 

15. How much calcium is present in 100 cc. of blood plasma? What fraction 
of this calcium is in ionic form? 

16. Do red blood cells contain calcium? 

17. What endocrine gland controls the level of blood calcium? 

18. List 6 functions of calcium in the body. 

19. Under normal circumstances, wliat percentage of calcium excretion oc¬ 
curs by way of the intestinal tract? 

20. What substances in food contain most of the dietary phosphorus? 

21. Why do excessive amounts of calcium inliibit phosphorus absorption? 

22. Discuss the distribution of phosphorus in the body. 

23. List 7 functions of phosphorus in the body. 

24. What fraction of the phosphorus lost from the body each day is ex¬ 
creted in the urine? 

25. What reaction in the kidney tubules assists in lowering the pH of 
urine below that of blood plasma? 

26. Discuss briefly the composition of bones and teeth, and describe the 
calcification process. 

27. What is the supposed function of bone phosphatase? 

28. How much iron is present in the average adult body? What fraction 
of this iron is combined in hemoglobin? 

29. In what tissues is iron stored? What is ferritin? 

30. What factors favor the absorption of iron? What factors inhibit it? 

31. What three forms of iron are found in blood? (Plasma iron is in¬ 
organic.) Which form is present in greatest abundance? 

32. Is the daily loss of body iron very high? 

33. What is the function of copper? Of cobalt? 

34. Why is iodine necessary in the diet? 

35. How much iodine is present in the body? How much of this is in the 
thyroid gland? 
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36. How much iodine is present in blood? What fraction of this is 
thought to be hormone iodine? 

37. What condition is caused by an excessive intake of fluorine during 
early childhood? 

38. What part does fluorine play in the prevention of dental decay? 

39. What is thought to be the immediate cause of dental caries? 

40. How much sodium chloride is eaten each day by an average person? 
How much is excreted each day? 

41. How is the excretion of sodium chloride altered by a fast? 

42. What is the cause of stokers’ cramps? 

43. How docs sodium chloride ingestion affect the amount of water in the 
interstitial compartment? 

44. What is peculiar about the distribution of chloride ions, sodium ions, 
and potassium ions in the body? 

45. What substance is responsible for most of the alkali reserve of the 
blood? 

40. How much potassium is excreted in the urine each day? How much 
is eaten each day? 

47. List two functions of potassium. 

48. What compounds contain most of the dietary sulfur? 

49. List some substances in the tissues that contain sulfur. 

50. What is thought to be the function of glutathione? 

51. How much sulfur is excreted each day in the urine? How much of 
this is in inorganic form? 

52. By what other routes is sulfur lost from the body? 
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CHAPTER XXVIII 


HORMONES 

Introduction, The term hormone is derived from a Greek 
word meaning 'Go stimulate.’’ llormone^s are mauufaetured by 
specialized groups of cells, known as dnciless (flrinds, glands of 
intei'md. secretion, or endocrine glands. Tliese glands are clusters 
of cells without duds; the secretions made by them diffuse di¬ 
rectly into the blood. As a rule, hormones do not influence the 
cells that inake them. Instead, they are carried to other regions 
of the bod.y where they exert their characteristic metabolic 
effects. Only minute amounts of these substances arc required 
each day for normal metabolism. It is supposed that hormones 
act as catalysts for many of the chemical reactions that take 
place in the body. 

Hormones of the Pancreas. ~Insulin is the name 
given to the hormone ])rodueed by the isles of Langerhans of the 
pancreas (see j)age 620). Active solutions of this substance 
were prepared by Banting and Best, who worked in Macleod’s 
laboratory in Toronto, in 1922. Banting and Macleod later 
were given the Nobel prize for this achievement. The hormone 
was obtained in cr>\stalline form by Abel in 1926. It is a 
protein, and has a molecular weight of about 45,000. The fol¬ 
lowing amino acids have been found to be present in the insulin 
molecule: tyrosine, 12.3 per cent; cystine, 11.6 ])er cent; glu¬ 
tamic acid, 20.2 per cent; leucine, 13.4 per cent; arginine, 3.5 
per cent; histidine, 5.3 per cent'; lysine, 2.6 per cent; proline, 2.9 
per cent; phenylalanine, 7.9 per cent; glycine, 4.6 per cent; 
valine, 8.8 per cent; isoleucine, 2.9 per cent; aspartic acid, 6.8 
per cent; serine, 5.8 ])er cent; and threonine, 3.2 per cent. The 
—S—S— linkage of the cystine a])parently is necessary for 
activity; when it is li'cated with reducing agents that change 
this group to —SII groups, the hormone becomes inactive. 
Reagents that combine with the —OH group of the tyrosirn? 
also cause a loss of physiological activity. 
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When the pancreas is removed from an animal, or when the 
isles of Langerhans of human beings become underactive, the 
disease known as diabetes mellitus results. Diabetes means 



Fig. 77.—Drawing: to show the location of some of the endocrine elands. 
How would you define the term hormone? (From McClendon and Pettibone: 
Physiological Chemistry, The C. V. Moshy Co.) 

“increased flow of urine,” and mellitus means “sweet.” This 
condition is characterized by a rise of the blood sugar level, 
the appearance of glucose in the urine, a loss of the stored 
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glycogen of the body, and ketosis. Hunger, thirst, and an in¬ 
creased elimination of urine also are noticed. All of these 
abnormal changes can be reversed by the injection of proper 
amounts of insulin into the animal or human patient. The hor¬ 
mone is not effective if it is given by mouth, since it is digested 
by the proteolytic enzymes of the intestinal tract. 

Royal Victoria Hospital 

MOMTMCAC 


Cairns Ristln^ insulin 15 units | 
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Plff. 78.—Chart showing the effect of an insulin Injection on the level of 
blood sugar. What are the functions of Insulin? (From Meakins: The Prac^ 
tice of Medicine, The C. V. Mosby Co.) 

It is generally agreed that the injection of insulin into a 
diabetic animal causes a fall of the level of blood glucose, an 
increased deposition of muscle glycogen, and a decrease in the 
rate of production of ketone bodies. Liver glycogen increases 
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also, but there is still uncertainty as to the correct explanation 
for this. Many biochemists believe that insulin decreases the 
rate of breakdown of liver glycogen to glucose. Since glycogen 
formation in the liver is continuous, the decreased glycogonolysis 
(glycogen breakdown) thought to be caused by insulin would re¬ 
sult in an increase in the glycogen stored in this organ. Most 
biochemists agree that tlie rate of carbohydrate oxidation in¬ 
creases following an injection of insulin. Evidence that in¬ 
sulin can affect the rate of conversion of glucose-()-])h()s])hate to 
glycogen has been discussed on page 621. 

It will be recalled that liver glycogen breaks down to glucose 
in the normal animal whenever the blood sugar level is too low. 
If insulin is injected into normal (nondiabetic) animals or hu¬ 
man beings, the blood sugar level falls below normal. Under these 
circumstances liver glycogcnolysis occurs, and the amount of 
glycogen in the liver decreascis. In other words, it appears that 
an abnormally low blood sugar level is more tiian able to over¬ 
come the inhibiting effect of insulin on liver glycogen breakdown. 

Occasionally, adenomas (tumors, or new growths of tissue) 
composed almost entirely of insulin-producing cells form in the 
pancreas. These adenomas produce abnormally large amounts of 
insulin and cause symptoms of overactivity (hyperinsulinism). 
The person with hyperinsulinism undergoes periods when his 
blood sugar level fells to dangerously low values. This low blood 
sugar is accompanied by weakness, apprehension, dizziness, faint¬ 
ness, convulsions (sometimes), and unconsciousness. Thase same 
symptoms are produced if a diabetic patient takes an overdose 
of insulin. 

Pancreatic anti-fatty liver principle. It has been found 
that the livers of diabetic dogs contain increased amounts of 
lipid (neutral fat, cholesterol, and cholesterol esters), even when 
adequate amounts of insulin are given. Several groups of in- 
vestigatoi’s have described the preparation of pancreatic ex¬ 
tracts that prevent this accumulation of lipid when they are 
fed or injected. Raw pancreas and pancreatic juice are them¬ 
selves effective when they are fed to the experimental animals. 
One extract, known as lipocaic, has been the subject of much 
controversy in the literature. Lipocaic is stated to prevent 
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the type of fatty liver that develops m rats fed diets liij^h in 
fat and low in protein. This same result ran be obtained by 
feedinju: methionine or eholine (see i)af»‘e 718), and there is some 
doubt whether li])oe.aie eontains a new lipotropic principle 
(i,e., principle capable of decrcasin^^* liver fat) or whether its 
activity is due to the ])resence of known lipotro])ic aj^ents such 
as methionine and choline. At least oiui extract of i)ancreas 
known to be active in preventing the appearance of fatty livers 
in diabetic do^?s maintained with insulin has been found not to 
influence the fatty livers produced in rats by feeding high-fat, 
low-])rotein diets. 

Hormones of the Adrenal Glands. —The two adrenal (''next 
to the kidney’’) or suprarenal ("above the kidney”) glands are 
attached to the upper part of the kidneys. Each gland consists 
of an inner portion, called the medulla, and an outer portion, 
called the cortex. 

Hormone of the medulla. The hormone produced by the 
cells of the adrenal medulla is known as adrenaline, or epi¬ 
nephrine. The medulla can be removed from animals without 
producing marked symptoms, and this portion of the gland is not 
essential for life. However, when adrenaline is injected, the 
following effects are noticed: 

(1) There is an immediate breakdown of liver glycogen and 
muscle glycogen, with a consequent rise of the levels of blood 
glucose and lactic acid. After a time, most of the excess glucose 
and lactic acid are deposited in the liver as glycogen. 

(2) Blood pressure rises. This is caused by a constriction of 
the muscles of the arterioles (small arteries) of the body. 

(3) The bronchi (air tubes leading into the lungs) dilate, per¬ 
mitting air to enter the lungs with less exertion on the part of 
the animal or person. The blood vesseLs of the mucous mem¬ 
brane (lining) of the nose constrict. This increases the amount 
of space available for the passage of air through the nasal cavity. 

Apparently, adrenaline secretion is stimulated by such emo¬ 
tions as fear or anger. The effects produced by this secretion in¬ 
crease the capacity of the person for "fight or flight,” as the case 
may be. 
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It is believed that adrenaline is made from the amino acid 
tyrosine. 



Hormones of the cortex. The cortex of the adrenal is neces¬ 
sary for life. It makes several substances necessary for normal 
metabolism. A solution of these compounds is known as cortin. 
The active substances that have been isolated from cortin are 
related chemically to cholesterol, the bile salts, vitamin D, and 
the sex hormones. One of them is known as corticosterone 



Corticosterone 


The following biochemical abnormalities are produced by the 
removal of the adrenal cortex : 

(1) There are an increased elimination of sodium chloride in 
the urine, and a decreased level of it in the blood. 

(2) There are a decreased elimination of potassium by the 
kidney, and an increase in the amount of potassium in the blood 
and tissue fluids. 

(3) The glycogen stores in the liver and muscles decrease, and 
the fasting level of blood glucose is lower than normal. 

(4) A certain amount of water leaves the blood stream. Part 
of this is stored in the tissues; the remainder is eliminated from 
the body by the kidney. 

(5) Some of the end products of metabolism are not excreted 
properly by the kidney, with the result that the blood level of 
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nonprotein nitrogen (i. e., the nitrogen in such compounds as 
urea, uric acid, creatinine, etc.) rises. 

(6) The level of plasma globulin rises. When active ex¬ 
tracts of the adrenal cortex are injected into animals, one of the 
effects produced is the breakdown of many of the lymphocytes 
(one type of “white blood cell”) in the blood and in many 



Fig. 79 .—Photograph of a patient with Addison's disease. What is the 
cause of this condition? (From Meakins: The Practice of Medicine, The 
C. V. Mosby Co.) 

tissues of the body. This breakdown results in the release of 
many substances from these cells, including globulins. In some 
cases these globulins contain antibodies, and, when this is true, 
the injection of cortical extract causes the level of antibodies in 
the blood to rise. The finding that the adrenal cortex has as one 
of its most important functions the regulation of the rate of 
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lymphocyte breakdown in the bod.y, and consequently tlie regu¬ 
lation ot the rate of release of the contents of these cells to the 
various tissues, is one oi* tln^ most iiiiportant physiologic dis¬ 
coveries ot* recent \’ears. It was made by l)i*. A. White and Dr. 
T. P. Dougherty, working at Vale Ihiivcrsity. 

Animals from which the adrenal cortex has been removed can 
be maintained in good health if cortin is injected daily. They 
can be kept in good condition for long periods of time without 
cortin if the diet is high in sodium cliloride and low in potassium. 
However, animals maintained only by diet adjustment develop 
low blood sugars and become acutely ill during periods of fast¬ 
ing. 

If the adrenal cortex of a human being becomes uiideractive 
(usually as a result of tuberculosis of the adrenals), the result¬ 
ing condition is known as Addison^s disease. This disease is 
characterized by the biochemical changes already mentioned. 
In addition, the blood pressure is low, marked weakness is pres¬ 
ent, and a characteristic pigmentation of the arms, face, and 
upper part of the body appears. The excess pigment appears 
1o be melanin (see page 654). 

Ovemetivity of the adrenal cortex is due usually to a tumor, 
the cells of which produce excess hormones. If such a tumor de¬ 
velops in childhood, sexual development is hastened. Over¬ 
activity in adult life is most commonly found in the female. 
Females with adrenal tumors become more masculine in appear¬ 
ance: hair appears on the face, the voice deepens, and the 
breasts decrease in size. In the case of adult males, masculine 
characteristics are accentuated. 

Hormone of the Thyroid Gland. —The thyroid gland is com¬ 
posed of two lobes, joined by a strip of tissue called the isthmus. 
The entire structure is in the front part of the neck, just below 
the larynx (voice box). When the gland is examined with the 
aid of a microscope, it is found to be composed of connective 
tissue, in which are embedded many small, spherical structures, 
the follicles. Each follicle is filled with a colloidal material, com¬ 
posed chiefly of water and the characteristic protein of the 
thyroid, thyroghhulin. One of the amino acids produced when 
thyroglobulin is hydrolyzed is thyroxine. This amino acid often 
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is considered the hormone of the thyroid gland, although it is 
possible that it must become incoporated into a protein molecule 
before it has physiological activity. It is believed that thyroxine 
is made in the body from tyrosine and iodine. 


I 




I 



CH2.CHNH2.COOH 


I 
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Thyroxine 

It appears to be the fiinctum of thyroxine to speed up the rate 
of metabolism of all the cells of the body. The most obvious effect 
produced by remo^'al of the thyroid gland is a decrease in energy 
(heat) production by all the tissues of the animal. Conversely, 
tlie injection of thyroxine causes a rise of body heat output. It 
has been estimated that 1 mg. of thyroxine can result in an in¬ 
crease of metabolism equivalent to about 3,000 large calories. 
The increased energy ])roduction does not begin to manifest it¬ 
self until several hours after the injection (perhaps this is the 
time required for tlie amino acid to become a part of a protein 
molecule) and the effect of a single dose lasts for several days. 

Some of the biochemical changes caused by I'cmoval of the 
thyroid gland are summarized below: 

(1) The rate of production of energy is decreased. 

(2) The level of blood iodine is lowered. 

(3) The level of blood lipids, especially cholesterol, is ele¬ 
vated. 

(4) The rate at which sugar is deposited as glycogen in the 
tissues following a meal is increased. 

(5) The excretion of calcium, phosphates, and nitrogen is de¬ 
creased. 

(6) The excretion of creatine by young animals or children is 
decreased. It will be recalled that creatine is a normal com¬ 
ponent of the urine in childhood, although it is found only in 
small amounts in the urine during adult life. 
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(7) There is an abnonnal storage of protein in the body fluids. 

Injections of thyroxine produce effects opposite to those just 
summarized. Thus, the excretion of calcium, phosphates, and 
nitrogen increases; the level of blood lipids decreases; the rate 
of energy production increases; the level of blood iodine in¬ 
creases; creatine apppears in increased amounts in the urine of 
adults; and glucose is deposited as glycogen more slowly. This 
last effect appears to indicate that thyroxine antagonizes to some 
extent the action of insulin. 



Pig. 80.—An adult cretin. Compare the height of the woman with that of 
the cattle. What is the cause of cretinism? (Courtesy of Dr. J. P. Mc¬ 
Clendon. ) 


An enlarged thyroid gland is called a goiter. Goiter ordi¬ 
narily accompanies both overaetivity and underactivity of the 
thyroid. Severe thyroid underactivity in infancy is called 
cretinism. The mental and physical development of cretins is 












HORMONES 


689 


retarded. They grow up to become dwarfs, with short, broad 
bodies; wide, flat noses; and coarse, dry hair. The skin is thick, 
inelastic, and dry. Many cretins are idiots. Marked under¬ 
activity in adult life is known as myxedema. In this condition 
the temperature is below normal; the tongue is thick and dry; 
the pulse rate is slow; and the skin is filled with a thick, protein- 
containing material. The decreased rate of burning of food 
causes an increase in weight, usually in spite of a poor appetite. 

Many people who live in regions of the United States in which 
the surface water is low in iodine have goiters, but most of them 
do not show signs of thyroid gland disease. 

People who have overaetive thyroid glands tend to be warm 
when others are cool; they lose weight in spite of an increased 
appetite; and they are extremely nervous. Weakness often is 
a prominent feature. In some instances, the eyeballs bulge for¬ 
ward (exophthalmos), in which case the person is said to have 
exophthalmic goiter. 

It has been found recently that certain organic compounds 
(some sulfonamides, thiourea, thiouracil, propyl thiouracil, and 
others) interfere with the production "o^ thyroxine by the thy¬ 
roid gland, even in the presence of an abundance of iodine. 
When these substances are administered to laboratory animals 
or to human beings, the signs and symptoms of underactivity 
of the thyroid gland appear. Certain of them, especially 
])i*opyl thiouracil, are used in the therapy of hyperthyroidism 
(thyroid overactivity). 

Another interesting finding is that certain proteins, such as 
casein and serum albumin, can be made to combine with iodine 
in sucli a way that thyroxine is formed in the intact protein 
molecule. Such iodinated proteins are potent substitutes for 
the natural hormone of the thyroid. It has been reported that 
the administration of iodinated casein to milk cows results in an 
increased yield of milk and butter fat. 

Hormone of the Parathyroid Glands. —The parathyroid 
glands are attached to the posterior part of the thyroid gland. 
Usually there are four of them. They are very small, and their 
combined weight is only about 120 mg. 
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The hormone of the parathyroid gland is called parathormone. 
It is a protein, and its activity is destroyed by peptic or tryptic 
digestion. It has not yet been isolated in pure form. 



Fig. 81.—Photograph of a woman with exophthalmic goiter. What is 
thought to be the cause of this condition? (Prom Meakins: The Practice 
of Medicine, The C. V. Mosby Co.) 

Removal of the parathyroid glands, or destruction of them by 
disease, causes: (1) a fall in the level of plasma calcium; (2) a 
rise of the level of plasma inorganic phosphorus; (3) and a de¬ 
crease in the excretion of calcium in the urine. The low plasma 
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Fig. 82.—Photograph illu.strating tetany (spasmodic nniscular contrac¬ 
tions) cau.sed by underactivity of the parathyroid glands. What hormone Is 
manufactured by those glnnds? (From Meakiiis: The Practice of Medicine, 
The C. V. Mosby Co.) 


Pig. 83.—X-ray photograph of the arm of a person suffering with over- 
activity of the parathyroid glands. Notice that large areas in the bones do 
not photograph well. This indicates the presence of areas of decalclflca- 
tion (loss of the bone minerals). What type of organic compound is para¬ 
thormone? (From Meakins: The Practice of Medicine, The C, V. Mosby Co.) 
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calcium level is accompanied by tetany (convulsions). Death 
occurs unless calcium salts in large amounts, or injections of 
parathormone, are given. 

Parathyroid overactivity is due ordinarily to an adenoma in¬ 
volving one or more of the glands. The excessive secretion of 
hormone by the tumor cells causes: (1) an^increase in the level 
of plasma calcium; (2) a decrease of th^'level of plasma in¬ 
organic phosphorus; and (3) an increase4 excretion of calcium 
and phosphorus in the urine. Calcium and phosphorus appear 
to leave the bones and to pass out of the body in the urine. In 
human beings the disease known as osteitis fibrosa cystica may 
result. This condition is characterized by an extensive decalcifi¬ 
cation of the bones, which become soft and easily crushed or 
broken. 

It is assumed that parathormone functions in the normal per¬ 
son as a regulator of the exchanges of calcium (and phosphorus) 
between the bones and the tissue fluids. In this manner, it regu¬ 
lates the level of blood plasma calcium. 

Hormones of the Testes. —The testes are oval structures 
located in the scrotum of the male. Each testis contains many 
coiled ducts, the linings of which manufacture the male sex 
cells (spermatozoa). Between the ducts are large cells known 
as interstitial cells. The interstitial cells make a hormone called 
testosterone. Testosterone has been isolated from the testes only. 
However, two other male sex hormones, androsterone and de- 
hydroisoandrosterone, are excreted in the urine. Probably 
androsterone is made in the body from testosterone. 



Testosterone 


Androsterone 
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The male sex hormones are responsible for the development 
of the secondary sex characters at the time of puberty: the 
growth of hair on' the face and body, the deepening of the 
voice, and so on. They also regulate the growth and function 
of certain glands (prostate gland, Cowper^s glands, seminal 
vesicles) associated with the reproductive system of the male. 

When the testes are removed from young animals, the creatine 
content of the muscles decreases, and the amount of fat in the 
muscular tissue increases. These changes improve the quality 
of the meat obtainable from the adult animal. 

Small amounts of male sex hormones are present in the urine 
of females. Presumably they are made in the ovaries and 
adrenals. 

Hormones of the Ovaries. —The tw^o ovaries are small, al¬ 
mond-shaped structures located in the pelvic (lower abdominal) 
cavity of the female. At birth they contain numerous immature 
ova (eggs). After the age of puberty, and before the menopause 
(change of life), an ovum normally matures and is discharged 
into the pelvic cavity at intervals of about four weeks. During 
this maturation process the ovum becomes attached to the wall 
of a small, spherical cavity, called the follicle. Just prior to 
ovulation (discharge of the ovum into the pelvic cavity), the 
follicle moves to the periphery of the ovary; at ovulation it rup¬ 
tures, and the ovum is released. If the first day of the menstrual 
period is taken as the first day of a complete menstrual cycle, 
ovulation ordinarily occurs about the thirteenth or fourteenth 
day, and a new cycle begins on the twenty-ninth day. 

The cells that line the developing follicle (follicular cells) 
manufacture substances known as follicular hormones, or estro¬ 
genic hormones. The word estrogenic is used because these hor¬ 
mones are responsible for the periodic occurrence of estrus (the 
period during which the female is capable of mating) in the 
lower animals. Two hormones, estrone (theelin) and estradiol 
(dihydrotheelin), have been isolated from the fluid within the 
ovarian follicles and from the urine of pregnant animals. A 
third compound, estriol (theelol), has been isolated from urine, 
but not from the ovary. Of the three substances, estradiol is 
most active physiologically, and estriol is least active. It is sup- 
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posed that estradiol is the substance first made by the follicular 
cells, and that estrone then is made from it. Apparently, estriol 
can be made from estrone by the lining of the uterus (womb) 
during the second half of the menstrual cycle. 

The follicular homoncs are responsible for the changes (de¬ 
velopment of the breasts, appearance of body hair, and so on) 
that occur at the time of puberty. During the first half of the 
menstrual cycle they are excreted in tlie urine. After ovulation 
the amount of them present each day in the urine decreases, but 
there is a secondary increase and decrease of excretion before the 
beginning of a new cycle (see Fig. 84). 



OH 



After the expulsion of the ovum from the follicle, the follicu¬ 
lar cavity becomes filled with a blood clot. This clot soon is in¬ 
vaded by cells, forming a yellow structure called the corpus 
luteum (yellow bodjO* The corpus luteum ordinarily is replaced 
by scar tissue in about twelve days, although, if pregnancy 
occurs, it persists for six to nine months. The cells of the corpus 
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luteum make a hormone known as progesterone. Probably 
estrogenic hormones also are made by these cells. Progesterone 
is changed in the body to an inactive compound, pregnanediol, 
Pregnanediol then combines with glycuronic acid (an organic 
acid chemically related to glucose), and is excreted in combined 
form in the urine. This substance is present in the urine only 
during the latter half of the menstrual cycle. 



Progesterone 


CHOH 



Most of the endometrium (lining of the uterus) sloughs off 
and is discharged during the menstrual period. During the 
first half of the cycle following menstruation, the endometrium 
grows again. This period of growth is caused by the follicular 
hormones. During the second half of the cycle, progesterone is 
secreted by the corpus luteum. This hormone causes the endo¬ 
metrial glands to grow and to fill with secretion; the endo¬ 
metrium becomes engorged with blood, and cells that wJU help 
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form tlie placenta, if pregnancy takes place, make their appear¬ 
ance. In other words, progesterone appears to prepare the 
endometrium for the reception of a fertilized ovum. If fertiliza¬ 
tion does not occur, the excretion of follicular and corpus luteum 
hormones becomes very small, and a new menstrual period fol¬ 
lows. In the event that pregnancy takes place, the corpus 
luteum does not become replaced by scar tissue for several 
months, and the excretion of follicular hormones and pregnane- 
diol in the urine gradually increases until a few days prior to 
the onset of labor. At this time, excretion of these hormones 
falls off, and labor soon follows. 




Fig. 85.—Drawing to show the location of the pituitary gland (hypophy¬ 
sis). Why is the anterior lobe of this gland sometimes called the “master 
gland" of the endocrine system? (From McClendon and Pettibone: Phys¬ 
iological Chemistry, The C. V. Mosby Co.) 


The ovarian hormones also cause the enlargement of the 
breasts that takes place during pregnancy. It is probable that 
a hormone made by the pituitary gland (the mammogenic hor¬ 
mone) has a similar function. Ovarion hormones are elaborated 
by the placenta, as well as by the ovary, during pregnan,cy. 

Small amounts of follicular hormones are present in the urine 
of males. 
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Hormones of the Pituitary Gland.—The pituitary gland 
(hypophysis) is a small structure attached to the base of the 
brain by means of a stalk, the infundibulum. It is composed of 
an anterior lobe, a posterior lobe, and an intermediate strip of 
tissue, the pars intermedia. 



Fig’. 80.-- Photograph of a person who has acromegaly. What is the cause 
of this condition? (From Meakin.s: The Practice of Medicine, The C% V. 
Mosby Co.) 

Hormones of the anterior lobe. The anterior lobe has been 
called the master gland of the endocrine system, because several 
of its hormones are necessary for the proper functioning of other 
ductless glands. The anterior lobe hormones are proteins, and 
are ineffective if administered by mouth. 

1. Growth hormone. This substance is necessary for normal 
growth of young animals. It is a globulin, and is readily de¬ 
stroyed by acids or alkalies. When it is injected into animals, it 
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causes an increased storage of protein, water, calcium, and 
phosphorus. If it is made in insufficient amounts during child¬ 
hood, the person becomes a dwarf. Most circus dwarfs have un¬ 
deractive pituitary glands. If an adenoma of the anterior lobe 
develops during childhood, excessive amounts of growth hor¬ 
mone may be produced, and the person grows up to be a giant. 
Excessive production of the hormone during adult life (pauses 
acromegaly, This condition is accompanied by marked enlarge¬ 
ment of the jaw, hands, and feet. Curvature of the bony spine 
also is present. 

2. Gonadoirophiv hormioncs. Those hormones regulate the pro¬ 
duction of sex hormones. The follivle-sthnulatmg hormone 
(F.S.H., thylukenti'in) lias a polysaccluiride ])rosthetic group, 
and its activity is (l(‘stJ-oyed by salivary amylase or intestinal 
polypeptidase. It stimulates the production of the follicular 
honnones by the ovary. In the male it is ne(*essary for proper 
functioning of the cells that manufacture the spermatozoa (sex 
cells). 

The luteinizing hormo)ie (L.Jl., metakentrin) is made inactive 
by jiepsin and trypsin, but is not affected 1)y amylase. In the 
female \i stimulates the j)rodu(‘tion of ])rogesterone by the 
corjuis luteum, and, in the male, the ])rodiiction of male sex 
hormones by the interstitial cells of thc^ testes. 

During pregnancy the placenta makes a substance that causes 
eifects similar to those bi'ought about by the gonadotro])hic hor¬ 
mones. This placental hormone usually is termed chorionic 
gonadotrophin but is known also as the anterior-pituiiarydihe 
factor (A.P.L., or prolan). It appears in the urine shortly 
after pregnancy begins. If the urine of a pregnant female 
is injected into the blood of an immature female rabbit, an 
ovarian follicle filled with a blood clot appears forty-eight 
hours later. This is the basis of a common test for pregnancy. 

3. Thyrotrophic hofmone. This hormone stimulates growth of 
the thyroid gland and increases the output of thyroid hormone. 
Exophthalmos also can be produced in experimental animals 
by injecting large amounts of it. Many scientists believe that 
exophthalmic goiter may be caused, in part at least, by an in¬ 
creased secretion of the thyrotrophic hormone. , 
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The active substance is a globulin. Its activity is destroyed 
by heat or by peptic digestion. 

4. Adrenotrophic hormone. This substance probably is a 
polypeptide. It can be precipitated from water solution by 
alcohol, but it is soluble in water solutions one-third saturated 
with ammonium sulfate. In its absence the cortex of the adrenal 
gland decreases in size. The cortical underactivity that also re¬ 
sults causes more impairment in carbohydrate metabolism than 
in water and salt metabolism. 

5. Lactogenic hormone (prolactin). A globulin with the 
properties of this factor has been isolated in crystalline form 
from extracts of the pituitary gland. Following the decreased 
production of ovarian hormones at the termination of pregnancy, 
this substance becomes active. It is responsible for the forma¬ 
tion of milk by the mammary glands (breasts). There is evi¬ 
dence to indicate that the thyroid hormone and the hormones of 
the adrenal cortex also must be present in the body in proper 
amounts for normal lactation (milk production). 

The following '^factors’" have not been isolated and are 
known only by the effects they appear to produce. It is possible 
that some of the effects actually arc due to mixtures of the five 
hormones just described. 

6. Didbeies-prodneing factor. When extracts containing this 
factor are injected daily into experimental animals, the first 
effect is a marked stimulation of the isles of Langerhans. After 
a time, however, the islet cells apparently become exhausted, and 
insulin production ceases. Animals treated for a sufficiently 
long period of time with the diabetes-producing factor develop 
permanent diabetes mellitus. 

7. Ketogenic factor. If the pituitary gland is removed, fat is 
not transported from the body stores to the liver at a normal 
rate. Injection of extracts containing the ketogenic factor in¬ 
creases this transport, and increases (or causes) the formation 
of ketone bodies by the liver. 

8. Diabetogenic factor. This factor, when injected into ani¬ 
mals, causes a breakdown of liver glycogen and a rise of the 
blood sugar level. 



JIORMONKS 


701 


9. Glycogenic factor. When the pituitary gland is removed, 
the amount of glycogen in the muscles of the body decreases. 
Injection of the glycogenic factor restores muscle glycogen to 
its former (or to a higher) level. 

10. Miscellaneous postulated factors. Factors that control the 
normal functioning of the parathyroid gland (parathyrotrophic 
hormone) and the isles of Langerhans (pancreatrophic hormone) 
have been stated to be made by the anterior lobe. There is evi¬ 
dence that another hormone (the mammogenic hormone), as well 
as the ovarian hormones, causes an increase in the size of tlie 
breasts during pregnancy. 

A complete absence or destruction of the anterior lobe causes 
Simmonds^ disease, a condition characterized by i)remature 
aging and early death. 

Hormones of the posterior lobe. When pitressm (vasopressiny 
P-hypophamine) is injected into animals, it causes a slow, pro¬ 
longed increase in blood pressure. This hormone is necessary 
for the normal reabsorption of water by the kidney tubules. In 
its absence, diabetes insipidus (‘^increased flow of insipid 
urine^’) results. Patients with diabetes insipidus may ex¬ 
crete 20 or more liters of urine each day. In one recorded 
case, the daily excretion amounted to 50 liters. 

Pitocin (oxytocin, <x~hypophamine ) causes a contraction of the 
smooth muscle of the uterus when it is injected. It is used fre¬ 
quently after childbirth; the contraction of the uterine muscle 
caused by its administration assists in controlling bleeding. 
After an injection of this hormone, there are an increased rate of 
liver glycogen breakdown and a rise of the blood sugar level. 
Pitocin causes also a contraction of the smooth muscle fibers that 
surround the alveoli of the milk ducts of the breast, thus per¬ 
mitting an easier release of the milk present in the gland 
(breast). 

Hormone of the pars intermedia. The pars intermedia con¬ 
tains a substance called intermedin. Intermedin causes a dila¬ 
tion of the pigment spots present in the skins of some of the 
lower animals. It has not yet been shown to have a function in 
human physiology. 
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Hormones of the Digestive Tract.—1. Antianmiic principle. 
The lining of the stomach manufactnrc.s a substance known as 
the intrinsic fnctor. This factor probably is an enzyme. When 
another substance, known as the extrinsic factor, and found in 
foods, enters the stomach, it reacts in some unknown manner 
with the intrinsic factor. The product })roduced by this reac¬ 
tion is a third substance, called the antianemic principle. This 
principle, which is necessary for tlie proper formation and re¬ 
lease of red blood cells by the bone marrow, is stored in the liver. 
People who arc unable to make the intrinsic factor also cannot 
prepare the antianemic principle, and suffer from the disease 
known as pernicious anemia. Persons with this disorder are 
treated ]\y means of injections of extracts of liver that contain 
the stored antianemic princi])le. (See Vitamin B,., page 721.) 

2. Gastrin is manufaetui*ed by the pyloric end (end nearest 
the duodenum) of the stomach. It causes an increased secretion 
of gastric juice and an increase in the motility of the stomach. 
It is believed by some l)iochemisls that gastrin is identical 
with histamine, a sul)stance made in the body from the amino 
acid histidine. 
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Secretin. When hydrochloric acid enters the small intestine 
from the stomach, it causes the conversion of a substance present 
in the intestinal cells (prosecretin) to secretin. The secretin thus 
formed causes a secretion of pancreatic juice. 

4, Enterogastrone. This substance is secreted by the small in¬ 
testine when fat or concentrated sugar solutions enter from the 
stomach. It decreases the secretion of hydrochloric acid by the 
stomach. The motility of the stomach also is lessened. ' 
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5. CholecystoJdnin. This substance is made by the small in¬ 
testine when fat is present. It causes a slow contraction of the 
gall bladder, and, consequently, a discharge of bile into the 
duodenum. 

6. Enterocrinin is a substance tliat stimulates a flow of in¬ 
testinal juice (suceus entericus). It is made by the intestinal 
cells. 

The Renin Mechanism.—The pulse pressure (difference be¬ 
tween tlie highest and lowest arterial pressures during one heart¬ 
beat) of the kidney arteries can be reduced by appropriate sur¬ 
gical procedures. One such procedure involves placing a metal 
clamp around the renal artery in such a way that the vessel is 
partly, but not completely, occluded. The same effect can be 
obtained by wrapping the kidney with a sheet of cellophane, silk, 
or cotton. This latter procedure causes the formation of scar 
tissue around the kidney; this hard, fibrous tissue contracts and 
''squeezes'' the kidney arteries. When the arterial pulse pres¬ 
sure in the kidney is reduced by either of these methods, the 
animal develops hypertension (high blood pressure). The se¬ 
quence of biochemical events leading to this development of 
hypertension appears to be as follows: As a result of the low¬ 
ered pulse pressure, the kidney cells produce and release into the 
blood a protein known as renin* Renin appears to be an 
enzyme, and it catalyzes the formation of a polypeptide, angio- 
tonin or hypertensm, from one of the serum globulins {renin 
activator or hypertensinogen) , Angiotonin is thought to be the 
substance actually responsible for the rise of blood pressure. 
Substances capable of inactivating both renin and angiotonin 
are present in blood and other tissues. Certain kidney extracts 
have been claimed to lower the abnormally high blood pressure 
caused by the surgical procedures described above. Numerous 
scientists have expressed the view that one type of hypertension 
in human beings is due to kidney disease. 

Plant Hormones. —Certain substances, elaborated by plants, 
are able to modify and control plant growth. These substances 
are analogous in some respects to the hormones found in ani- 

•Do not confuse the enzyme renin (rS*nin) with the enzyme rennin 
{r^n'ninj, which was discussed in Chapter XXVI. 
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mals, and frequently are known as plant hormones. Many other 
names (plant growth substances, plant vitamins, phytamiiis, 
ergones, auxithals, nutrilites, growth factors, growth activators, 
and so on) have been used for them. 

Suppose the tip of the coleoptile (first leaf sheath) of a young 
seedling oat plant is cut off. This procedure removes most of 
the oat plant hormones, which are concentrated in the growing 
tip. If now the tip of a growing coleoptile (which contains plant 
hormones) is applied to one side of the cut surface, the cells on 
that side grow larger than those on the other side. As a result, 
the cut coleoptile bends to one side because of the unequal 
growth. This type of experiment often is used in testing mate¬ 
rials in order to find out whether or not they contain plant hor¬ 
mones. 

When a hormone is injected into an animal, it is distributed 
rapidly throughout the entire animal by the blood stream, and 
tissues distant from the site of injection often are affected. IIow- 
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ever, plant hormones diffuse only slowly from one plant cell to 
another, usually in a vertical direction, and the effects exerted 
by them often are confined to the immediate vicinity of the site 
of application. 

Plant hormones are of commercial importance, since they can 
cause rootings to appear on cuttings of plants more rapidly than 
normal. It is possible also to cause roots to grow from stems 
or leaves of plants by applying hormones, but this phenomenon 
is of no commercial importance. 

Strangely enough, one of the best natural sources of plant 
hormones is urine. Apparently, plant hormones taken into 
the animal body with plant foods are eliminated, in part at least, 
in the urine. Three of the active substances that have been iso¬ 
lated in crystalline form from urine are auxentriolic acid 
(auxin a), auxenolonic acid (auxin b), and indole-acetic acid 
(heteroauxin, rhizopin). 

Auxentriolic acid and auxenolonic acid occur in the growing 
tips of higher plants. Indole-acetic acid has not been proved 
to occur in higher plants, but it has been isolated from yeast. 
Many synthetic substances chemically related to indole-acetic 
acid are effective in stimulating or controlling plant growth. 

A number of the water-soluble vitamins (see Chapter XXIX) 
have been found to stimulate the growth of many lower forms 
of plant life (yeasts, molds, fungi, bacteria, algae). Numerous 
workers have reported that thiamine (vitamin BJ accelerates 
and increases the growth of certain of the higher green plants. 
Some investigatoi^s have disputed this claim. 

Traumatic acid (l-decene-l,10-dicarboxylic acid) increases cell 
division and healing of the cut surfaces of some plants. It pro¬ 
motes the growth of certain algae. 

Study Questions 

1. Define: hormone, endocrine gland. How does an endocrine gland differ 
in structure from one of the digestive glands? 

2. What cells manufacture insulin? Who first prepared active solutions 
of this substance? 

3. What is the chemical nature of insulin? What chemical groups in its 
molecule cannot be altered without causing a loss of physiological ac¬ 
tivity? 
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4. What is the usual cause of diabetes mellitus? What biochemical abnor¬ 
malities are associated with diabetes mellitus? 

5. List the biochemical changes caused by the injection of insulin into 
diabetic and normal animals. 

G. List the supposed functions of insulin. 

7. What symptoms accompany hyperinsulinism ? 

8. What is lipocaic? 

9. What hormone is made by tlie adrenal medulla? From what amino 
acid is this substance believed to be derived? 

10. What effects can be produced by injecting adrenaline into an animal? 
Are these effects of any advantage to the person? 

11. What is cor tin? 

12. List the important biochemical abnormalities produced by removal of 
the adrenal cortex from an animal. 

13. How can animals from which the adrenals have been removed be main¬ 
tained in good health? 

14. What is Addison^s disease? 

15. What are the usual effects of overactivity of the adrenal cortex? 

16. What name is given to the characteristic protein of the thyroid gland? 

17. What is thyroxine? What is its most important function? 

18. List the important biochemical changes produced by removal of the 
thyroid gland. \Vliat changes are caused by overactivity of the gland? 

19. Define: goiter, cretinism, myxedema, exophthalmic goiter. 

20. What name is given to the hormone of the parathyroid glands? What 
is its chemical nature? 

21. List the biochemical changes that accompany underactivity and over¬ 
activity of the parathyroid glands. 

22. What is the probable function of parathormone in normal metabolism? 

23. What cells manufacture the male sex hormones? 

24. Name the three most important androgenic (male sex) hormones. 

25. What are the functions of the male sex hormones? 

26. Name the three follicular hormones of the ovary. List their functions. 

27. What is the chemical nature of the sex hormones? 

28. What hormone is made by the corpus luteum? 

29. In what form is progesterone excreted in the urine of females? 

30. What are the functions of progesterone? 

31. Correlate the excretion of female sex hormones in the urine with the 
various phases of the menstrual cycle. 

32. What gland manufactures the growth hormone? What is the chemical 
nature of the hormones manufactured by this gland? 

33. What are the effects of overproduction of this substance (the growth 
hormone) ? Of underproduction? 

34. List the functions or effects caused by each of the following pituitary 
hormones: gonadotrophic hormones, thyrotrophic hormone, adrenotro- 
phic hormone, lactogenic hormone, diabetes-producing factor, ketogenic 
factor, diabetogenic factor, glycogenic factor. 
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35. What is chorionic gonadotrophin? 

36. What is the cause of Simmonds’ disease? 

37. Name the hormones made by the posterior lobe of the pituitary gland. 
What effects are produced by injecting them into animals? 

38. What is the cause of diabetes insipidus? 

39. What is intermedin? 

40. List the hormones of the digestive tract. Indicate the function of 
each of them. 

41. What is meant by the term plant hormone? Name three plant hormones 
that have been isolated from urine. 

42. Explain how the coleoptile of a young seedling oat plant can be used 
in testing for the presence of plant hormones. 

43. Why are plant hormones of commercial importance? 

44. What substances important in animal nutrition act as plant hormones 
for the lower forms of plant life? 

45. What is traumatic acid? 

46. What is renin? Under what circumstances is it thought to be produced 
by the kidney? 

47. What substance is thought to be responsible for the hypertension that 
follows partial occlusion of the renal artery? 
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CHAPTER XXIX 
VITAMINS 

Introduction. —From a physiological point of view, vitamins 
are similar to hormones. That is to say, vitamins are necessary 
for normal metabolism. Only small amounts of them are re¬ 
quired each day, and presumably they act as components of the 
various enzyme systems that catalyze metabolic reactions. Un¬ 
like hormones, however, the vitamins or their provitamins must 
be present in the diet. Provitamins are substances that can be 
converted to active vitamins in the tissues. 

In 1911 Punk isolated what he believed to be a pure substance 
that was effective in preventing or curing the disease of pigeons 
known as polyneuritis. This material, which contained nitrogen 
and seemed to be essential for life, was termed ‘'vitamine’' 
(vital amine). It soon was realized that many food factors 
essential for nonnal metabolism did not contain nitrogen, and 
the final ''e’^ employed by Funk was dropped. Today, there is 
a growing tendency to drop the vitamin terminology altogether, 
and, wherever possible, to designate the vitamins by appropri¬ 
ate chemical names instead of by letters of the alphabet. 

THE WATER-SOLUBLE VITAMINS 
The Vitamin B Complex 

The first water-soluble vitamin to be recognized was the 
factor now known as thiamine, or vitamin Bi. It soon became 
evident, however, that other water-soluble factors were associated 
with thiamine, and the tenn vitamin B complex was coined. The 
vitamin B complex consists of all the water-soluble vitamins ex¬ 
cept ascorbic acid and, perhaps, citrin. Many biochemists do 
not believe that citrin should be regarded as a vitamin (see 
page 724). 

Thiamine. —Thiamine (vitamin B^, aneurin) is a white, crys¬ 
talline solid. It contains a free amino group and, therefore, can 
react with mineral acids to form salts. Thiamine hydrochloride 
is soluble in water, slightly soluble in absolute alcohol, and al- 
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most insoluble in ctiier and benzene. When it is dry, it is re¬ 
sistant to prolonged heating at 100° C. Heating it in alkaline 
solution ra])idly destroys its physiological potency. 

Thiaiiiine was synthesized by Williams and Kline in 1936. 

N=:C—NH, Cl 

CH,—C C—CH —li—C—CH, 

II II II II 

K-CH CH C—CH,—CH,OH 

\ / 

S 

Thiamine chloride 

Severe lliiamine deficiency in tlie human being causes the dis¬ 
ease known as beriberi. The most characteristic symptom of this 
condition is polyneuritis, or multiple involvement of the pe¬ 
ripheral nerves of the body. At first these nerves are painful, 
especially when pressure is applied. Later, paralysis develops 
in the muscles supplied by the involved nerves, and the muscles 
atrophy (decrease in size) from disuse. The heart dilates and 
enlarges, and death may result from heart failure. Many cases 
of beriberi arc accompanied by edema. 

Milder thiamine deficiency in human beings or animals is ac¬ 
companied by failure of growth, loss of appetite, and pain along 
the course of the peripheral nerves. The vitamin is believed to 
be necessary for the normal production of milk by nursing ani¬ 
mals. 

Thiamine is absorbed readily from the intestinal tract, and 
small amounts of it are excreted each day in the urine. Ap¬ 
parently only small amounts of it can be stored in the animal 
organism, because deficiency symptoms ordinarily appear in 
from ten to thirty days after removal of the vitamin from the 
diet. 

In the tissues thiamine is converted to its pyrophosphate ester. 
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Thiamine pyrophosphate (Cocarboxylase) 
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Thiamine pyrophosphate is a eoenzyme for the decarboxylation 
(removal of COg from the —COOH group) and oxidation of 
pyruvic acid in the tissues. It will be recalled that pyruvic 
acid is formed during the metabolism of carbohydrates (see 
Chapter XXIV). One of the characteristic biochemical changes 



Fiff. 87.—Photograph illustrating beriberi. Notice the wasting of the 
muscles and the weakness of the feet. What Is the cause of beriberi? 
(From Stitt: Diagnosis and Treatment of Tropical Diseases, P. Blaklston’s 
Son & Co.) 


accompanying thiamine deficiency is an elevation of the level of 
pyruvic acid in the blood of the deficient animal. It has been 
suggested that thiamine also may be necessaiy for the conversion 
of carbohydrate to fat in the body. 
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An international unit (I. U.) of thiamine is equivalent in ac¬ 
tivity to 0.003 mg. of crystalline thiamin hydrochloride. The 
recommended daily intake of the vitamin for adults is 1 to 2 
mg. and for growing children is about 0.4 to 1.8 mg. depending 
on age. During pregnancy and lactation (milk secretion) the 
requirement is higher, 1.8 to 2 mg. daily. 

The richest source of most of the members of the vitamin 
B complex, including thiamin, is brewer’s yeast. Liver, eggs, 
legumes, nuts, and whole grains are good sources. Leafy vege¬ 
tables and fruits are poor sources. 

Ordinary cooking procedures do not destroy appreciable 
amounts of the vitamin, unless sodium bicarbonate is present in 
the cooking water. However, it should be remembered that 
thiamine is water soluble, and thus may be lost in the water used 
in cooking. Only small losses are caused by canning. 

Riboflavin. —In the past, riboflavin has been known by a 
variety of names. Even today, some Vorkers refer to it as 
vitamin or vitamin G. The use of these terms is confusing, 
however, because older workers used them for crude prepara¬ 
tions containing not only riboflavin, but also other members of 
the vitamin B complex. 

Riboflavin exists in the pure state as orange-yellow needles 
that melt at 292^-293"^ C. with decomposition. It is slightly 
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soluble in water and in alcohol. On hydrolysis it yields a dye 
(flavin) and a pentose (ribose). It was synthesized almost 
simultaneously in the laboratories of Karrar and of Kuhn in 
1935. 

When riboflavin is omitted from the diet of rats, growth ceases, 
body hair falls out in patches, and cataracts (coagulation of the 
lens of the eyes) sometimes appear. Its absence from the diet 
of dogs causes a loss of weight, vomiting, bloody diarrhea, 
muscular weakness, collapse, and death. The most common de- 
flciency symptoms in man are a dermatitis (skin disorder), 
cracking of the skin around the corners of the mouth, and kera¬ 
titis (clouding of the cornea or transparent portion of the 
eyeball). 

It will be recalled (sec page 596) that riboflavin is required 
for the formation of the flavoproteins that are necessary for nor¬ 
mal oxidations and reductions in the tissues. Presumably, the 
symptoms of riboflavin deficiency are the result of a failure of 
certain of these oxidative reactions to occur in a normal manner. 

The Bourquin-Sherman unit of riboflavin is the amount fed 
as a daily allowance that induces a gain of body weight of 3 g. 
per week in an experimental animal (rat) existing on a carefully 
prepared riboflavin-deficient diet. One Bourquin-Sherman unit 
is equivalent to about 0.003 mg. of the vitamin. It is estimated 
that human beings require Imm 1 to 3 mg. daily. 

Liver, yeast, lean beef, cheese, eggs, spinach, and wheat germ 
are good food sources. 

Nicotinic Acid. —Nicotinic acid (3-pyridine carboxylic acid) 
has been known to organic chemists since 1867, but it was not 
realized that the compound was a vitamin until the work of 
Elvehjem was published in 1937. When it is pure, it exists as 
a white, odorless, crystalline powder, which melts at 235*^-237° C. 
It is soluble in water, alcohol, and warm glycerol, but is insoluble 
in ether. 

Apparently, nicotinic acid exists in the body chiefly as nico¬ 
tinic acid amide (nicotinamide). Nicotinamide is a constituent 
of the molecules of coenzyme I and coenzyme II (see page 595). 
It occurs as a white, crystalline powder, which is soluble in water, 
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alcohol, and glycerol. It is very slightly soluble in etlier and 
benzene. Its melting point (129^-131° C.) is considerably lower 
than that of nicotinic acid. 
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Nicotinamide (niacin amide) 


The nicotinamide level of the blood of normal persons ranges 
between 0.5 and 1 mg. per 100 cc. Most of this (about 90 per 
cent) is present in the red blood cells. There is some evidence 
that the material present in the plasma is free nicotinic acid, 
whereas the material in the blood cells is nicotinamide combined 
in the coenzyme molecule. 

The principal urinaiy excT*ctory product of nicotinamide 
apparently is N-methylnicotinamide. Tins is a quaternary am¬ 
monium ion and, as such, can exist in combination with any one 
of a number of anions. 
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There is evidence that a portion of the N-methylnicotinamide 
found in the body is oxidized to N'-methyl-6-pyridone-car- 
boxylamide. 

When the diet of human beings is deficient in nicotinic acid, 
the disease known as pellagra results. In this disease the tip and 
sides of the tongue are reddened and swollen. A characteristic 
skin rash, which resembles sunburn, appears on the head, neck. 
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wrists, hands, and, frequently, on the feet and ankles. Mental 
symptoms (impaired memory, confusion, dizziness, depression) 
may appear. If the disease is severe, diarrhea usually is a 
marked symptom. 

It has been known for many years that pellagra commonly 
is found in populations that ingest large amounts of corn 
(maize). liecent studies have shown that corn contains a sub¬ 
stance that causes the a})i)earance of a disease resem])ling 
pellagra when it is fed to mice or rals. The toxic effect of this 
unknown substance can be overcome by feeding sufficient nico¬ 
tinic acid or try])tophan. These observations make it likely 
that one cause of human pellagra may be the ingestion of large 
amounts of corn without a corresponding increase in the in¬ 
take of nicotinic acid. It seems i)robable also that nicotinic acid 
can be made in the body from tryptophan, since this amino acid 
ap])arently can prevent the appearance of the signs of nico¬ 
tinic acid deficiency in animals ingesting diets deficient in the 
vitamin. 

Nicotinic acid also is required by dogs, pigs, and many strains 
of bacteria. The nicotinic acid deficiency disease of dogs is 
called blacktongue. 

Good sources of nicotinic acid are yeast, lean meat, liver, milk, 
tomatoes, canned salmon, and turnip greens. It is estimated 
that human being require from 10 to 20 rag. daily. 

Pyridoxine. —Pyridoxine (vitamin B^^) is a white, odorless 
compound, which melts at 157° C. It has a slightly bitter taste. 
It is readily soluble in water and alcohol, and is slightly soluble 
in ether and chloroform. 
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This vitamin has been found to be essential in the diets of 
rats, pigs, dogs, chicks, and many microorganisms. Deficient rats 
develop rat acrodynia, a condition characterized by a dermatitis 
(skin rash) of the paws, nose, lips, chin, and sides of the face. 
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88.—Photograph of a person with pellagra. Notice the skin rash. 
What vitamin prevents this condition? (Courtesy of Dr. G. Leonard Har- 
rlngton Pr. Thomas Twyman. From Sutton and Sutton: Diseases of 
the Skin, The C. V. Mosby Co.) 


If the deficiency is continued long, both rats and pigs have 
epileptiform fits (convulsions, followed by a period of uncon¬ 
sciousness). Pigs and dogs that have been deprived of 
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pyridoxine develop an anemia (low level of hemoglobin and red 
blood cells in the circulating blood). Pyridoxine is necessary 
for a normal growth rate of chicks. 

Pyridoxal and pyridoxamine are compounds that can be pre¬ 
pared from p 3 ^ridoxine by relatively simple procedures. 
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Further research has made it evident that pyridoxal and 
pyridoxamine can replace pyridoxine in animal diets and in 
bacterial culture media. Indeed, it seems very probable that 
pyridoxal is the active form of the vitamin. In the tissues, 
l)yridoxal combines with phosphoric acid, forming pyridoxal 
phosphate. This latter comi>ound is an important coenzyme 
for enzyme syst(dns concerned with tlie decarboxylation of 
amino acids, transamination, and probably other reactions in¬ 
volving amino acids. 

It has not yet been proved that the vitamin is essential in the 
diet of human beings. It has been used clinically in the treat¬ 
ment of certain muscle diseases and the nausea of pregnancy, 
but the results are not conclusive. 

Pantothenic Acid. —Pantothenic acid is a water-soluble, heat- 
stable vitamin. It is soluble in ethyl acetate, dioxane, and 
glacial acetic acid, but is insoluble in ether, benzene, and chloro¬ 
form. Hot alkalies, hot acids, and cold acid alcohol destroy its 
physiological potency. The synthetic compound first was pre¬ 
pared in 1940. 
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Pantothenic acid 
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Pantothenic acid is necessary for the normal growth of yeasts, 
bacteria, mosquito larvae, chicks, rats, and dogs. Chicks develop 
a severe dermatitis when they are deprived of the vitamin, and 
it has been reported that pathological changes take place in their 
spinal cords as a result of the deficiency. When rats are placed 
on a diet deficient in the vitamin, they cease to grow, patho¬ 
logical changes appear in their adrenal glands, and there is a 
failure of reproduction. 

Human blood contains pantothenic acid (0.02 to 0.03 mg. per 
100 cc.), but the role of this substance in human nutrition is not 
known. 

There is evidence that pantothenic acid is a coenzyme for 
acetyIation reactions. 

Choline. —Choline is a colorless, viscous, strongly alkaline 
liquid. It is very soluble in water and alcohol, but is insoluble 
in ether. 

CH 3 CH,—CH..OH 

\ / 

CH,—N 

/ \ 

(^3 OH 

Choline 

This substance exists chiefly in combined form as a part of 
the molecules of lecithins and sphingomyelins (see Chapter 
XII). Certain lierves of the body secrete acetylcholine at 
their endings, and this compound is responsible for the trans¬ 
mission of nerve impulses from these nerves to other structures 
(nerves, glands, smooth muscle). 

Some nutrition authorities are reluctant to classify choline as 
a vitamin, because most laboratory animals apparently can 
synthesize it in their tissues provided sufficient methionine (an 
amino acid) is present in the diet. 

When young rats, are placed on a choline-deficient diet im¬ 
mediately after weaning, they develop a toxic state characterized 
by kidney hemorrhages (bleeding), a decrease in the size of the 
thymus gland, and an enlargement of the spleen. Older animals 
develop fatty livers on the same diet. Apparently, dogs and 
rabbits also require choline for the prevention of fatty livers. 



VITAMINS 


719 


Chicks placed on a choline-deficient diet develop a condition 
known as perosis, or slipped tendon. 

Biotin. —Biotin has been known also as vitamin H and as 
coenzyme R. It was isolated in crystalline form by Kogl and 
Tonnis in 1936. It is necessary for the normal growth of yeasts 
and certain bacteria. Raw egg white contains a protein (avidin) 
that combines with biotin, thus preventing its absorption. Typi¬ 
cal biotin deficiency symptoms can be produced in rats by feed¬ 
ing them a diet containing raw egg white. This deficiency state 
is characterized by a skin disorder and possibly failure of 
growth. Biotin is synthesized by bacteria present in tlie in¬ 
testinal tract. 
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Formula for biotin 


Biotin and manganese are necessary for COo fixation in plants 
and animals (see page 618 ). 

Inositol. —Inositol in the pure state is a white, efflorescent, 
crystalline substance. It exists in several isomeric forms. It 
was first isolated from meat in 1850, but its role as a vitamin 
was not recognized until 1940. 
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Inositol 

Mice cease to grow and become hairless over the trunk when 
their diet is deficient in inositol. Rats are said to require inositol 
for the prevention of ‘'spectacled eyes,’' a condition charac¬ 
terized by a loss of skin and swelling around the eyes. This 
condition also accompanies biotin deficiency. 

Folic Acid Complex. —For a number of years nutritionists 
have studied a group of unknown substances, apparently related 
chemically to each other, required by various bacteria and lab- 
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oratory animals for normal growth and metabolism. Various 
names, such as folic acid, L. msei factor, vitamin Be, vitamin 
M, factor U, S, l^aciis R (SLR) factor, and norite eluate factor 
have been used for one or more members of this group of com¬ 
pounds. It now appears that the members of this ''folic acid 
complex’^ are pteroic acid, pteroylglutamic acid, ])tcroyltriglu- 
tamic acid, and pteroylheptaglutamic acid. 
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Pteroylglutamic acid (folic acid) 


Pteroyltriglutamic acid and pteroylhepatoglutamic acid con¬ 
tain, respectively, -three and seven glutamic acid residues per 
molecule. 

Pteroylglutamic acid is required by a number of bacteria. 
Chicks apparently require it for normal growth and feathering. 
The most interesting result of deficiency in chicks and lab¬ 
oratory animals, however, is the failure of production of ade¬ 
quate numbers of red and white blood cells. It has been found 
recently that the vitamin can be used for the relief of some of 
the signs and symptoms of pernicious anemia. The reason for 
this is obscure, since liver extracts high in the anti-anemic fac¬ 
tor do not appear to contain more than traces of pteroylglutamic 
acid or related compounds. Unfortunately, however, the vita¬ 
min will not prevent the serious neurologic symptoms that some¬ 
times accompany pernicious anemia. There is evidence that 
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the factor may be useful in raising the level of white blood 
cells in certain pathological states in which there are insufficient 
white cells in the blood. 

One of the substances formed by the hydrolysis of pteroyl- 
glutamic acid is p-aminohenzoic acid. 




~ CX)OH 


p-Aminobenzoic acid 


This compound exists as yellowish-red, crystalline needles. It 
is freely soluble in alcohol, ether, and warm water. It melts 
at 186°-187° C. 

p-Aminobenzoic acid has been found to be necessary for the 
growth of certain bacteria, and it has been reported that normal 
growth of rats and chicks does not take place in its absence. 
One very interesting finding has been the ability of this com¬ 
pound to counteract the effects of the sulfonamide drugs. This 
has led to the hypothesis that these drugs owe their bacterio¬ 
static properties to their chemical similarity to p-aminobenzoic 
acid. It is supposed that because of this structural similarity 
they can attach themselves to some bacterial enzyme required 
in the metabolism of p-aminobenzoic acid. They are sufficiently 
different from the latter compound, however, to prevent any 
further metabolic change. If this hypothesis is correct, sulfon¬ 
amide drugs prevent the growth of bacteria by blocking the 
utilization of p-aminobenzoic acid. In the presence of large 
quantities of this latter compound, the sulfonamide is forced 
away from the enzyme by mass action; this explains why 
p-aminobenzoic acid can reverse the bacterial inhibition caused 
by the sulfonamides. 

The finding that p-aminobenzoic acid occurs in combined form 
in pteroylglutamic acid makes it possible that the compound is 
active in metabolism only in this combined form. 

Vitamin —This relatively new factor was isolated in 

crystalline form in 1948. Preliminary evidence indicates that 
it may be the long-sought antipernicious anemia principle (see 
page 702). It may be identical with, or closely related to, the 
so-called animal protein factor. This factor, present in liver but 
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not in yeast, increases the utilization of protein and tlie rate of 
g^rowtli of clefieient animals. Vitamin prol)al)ly has a 
molecular weight of 1,500 to 2,000 and contains cobalt and phos¬ 
phorus in its molecule. 

Strepogenin. —Tt has been found that tryptic digests of 
some, but not all, proteins contain a factor that stimulates the 
growth of certain bacteria. This same factor has been found 
to stimulate the growth of laboratory animals, such as mice. 
Since proteins are believed to be composed mainly of amino 
acids linked to each other by peptide bonds (see page 559), it 
has been postulated that this unknown substance is a peptide 
that exists as an integral part of the protein molecule. Wlum 
the protein is digested with trypsin, presumably the activ(‘ 
]>ey)tide is released. This theory is strengthened by the finding 
that activity is lost if digestion in the presence of trypsin is al¬ 
lowed to proceed too far. This growth facdor has been given 
the tentative name, strepogenin, since it stimulates the growth 
of certain streptococci (bacteria). Casein and crystalline tryp- 
sinogen are good sources of strepogenin. Egg white, which 
contains protein of very high nutritional quality, is a poor 
source of the factor. 


Ascorbic Acid 

Ascorbic acid (vitamin C, cevitamic acid) is the lactone pre¬ 
pared by treating 2-ketogulonic acid with hydrochloric acid. 
The pure material occurs as white, odorless crystals or as a 
crystalline powder. It melts at 190^-192^ C. It is soluble in 
water and, to a limited extent, in absolute alcohol and glycerol, 
but is insoluble in benzene, chloroform, ether, petroleum ether, 
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and fats. It is stable when dry, but deteriorates rapidly in water 
solution, especially if the solution is alkaline. It is a relatively 
strong reducing agent. 

The cells of the body are cemented together by a material 
called the intercellular substance. Ascorbic acid appears to be 
essential for the formation and maintenance of this material. 
Probably the vitamin also plays a role in tissue oxidations and 
reductions. 



BHg. 89.—X-ray photograph of the legs of an infant with scurvy. Notice 
the increased density (whiteness) and the widening of the ends of the long 
bones. What is the cause of scurvy? (From Meakins: The Practice of 
Medicine.) 


Severe ascorbic acid deficiency in man or guinea pigs (other 
animals apparently can synthesize the compound) causes scurvy. 
In this disease the gums are soft and boggy, and bleed easily. 
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Structural changes occur in the dentine of the teeth. Capillary 
bleeding, widening of the ends of the long bones, decalcification 
of bones, joint pains, and anemia are other symptoms. Children 
with the disease cease to grow. 

The symptoms of mild ascorbic acid deficiency include a slow 
growth rate, some capillary bleeding, and possibly a decreased 
resistance to infections. 

One international unit of the vitamin is equivalent to 0.05 mg. 
of pure ascorbic acid. The daily requirement of adults is 
estimated to be about 75 mg. The requirement is higher during 
pregnancy and lactation (100 to 150 mg.). The daily ration of 
children should contain from 30 to 75 mg. of ascorbic acid. 

Drying, aging, and storing foods cause a loss of ascorbic acid 
activity. The vitamin readily is destroyed by prolonged boiling 
in contact with air. Its destruction is hastened by sodium bi¬ 
carbonate and by the use of copper cooking utensils. Since it is 
water soluble, appreciable quantities may be lost in the cooking 
water. 

Citrus fruit, parsley, green peppers, potatoes, spinach, 
tomatoes, cantaloupe, cabbage, and turnips are excellent food 
sources. 

Citrin 

It has been claimed that citrus fruits and red peppers con¬ 
tain a substance other than ascorbic acid that is necessary for 
the prevention of capillary bleeding. This substance, which 
has been called citrin, or vitamin P, has been stated to be a 
mixture of the two plant pigments, hesperidin and eriodictyol 
glucoside. It has been claimed also that crystals of the 
material are composed entirely of hesperidin glucoside and a 
related substance with which it is in chemical equilibrium. 

Many biochemists feel that the evidence for the existence of 
citrin as a vitamin is inconclusive. On the other hand, a number 
of clinical reports indicate that the substance is useful in the 
treatment of certain diseases accompanied by capillary bleeding. 
It has been suggested that perhaps citrin should be regarded 
as a drug rather than as a vitamin. 
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Rutin is a glucoside that occurs in many plants. The richest 
sources appear to be certain types of tobacco and buckwheat. 
Indeed, properly dried buckwheat may contain as much as sev¬ 
eral per cent of the compound. Preliminary evidence indicates 
that rutin may have the properties ascribed to citrin, and in 
fact some scientists are inclined to believe that some of the 
j)reparations of citrin described in the literature may have con¬ 
tained small amounts of rutin. Some clinicians have reported 
that the administration of the compound to selected patients 
with hypertension (high blood pressure) will decrease the in¬ 
cidence of hemorrhages such as brain hemorrhage (''stroke^’) 
and retinal hemorrhage. The exact role of rutin as a therapeu¬ 
tic agent and its relationship, if any, to citrin can be clarified 
only by future experimentation. 
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THE PAT-SOLUBLE VITAMINS 
Vitamin A 

Certain yellow pigments (carotenes, cryptoxanthin) found 
in plants can be converted to vitamin A in the animal body. 
The most important of these is /5-carotene. One molecule of 
^-carotene can yield two molecules of vitamin A. 

Two different forms of vitamin A (vitamin A^ and vitamin 
A,) are known to occur in nature. Vitamin A^, the most 
abundant of these, has been isolated in crystalline form. Wlien 
pure it is a crystalline solid, which is soluble in fats and or¬ 
ganic solvents, but not in water. An isomer of vitamin A, 
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known as neuvitaniin A, and having the same biological ac¬ 
tivity as Aj, is present in some fish-liver oils. All forms of 
vitamin A are alcohols, and they occur chiefly in the form of 
esters of fatty acids. 
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Vitamin A is absorbed from the intestinal tract more rapidly 
than are the carotenes. Bile is not necessary for the absorption 
of the vitamin, but is required for the a])sorption of the caro¬ 
tenes. Mineral oil, a common laxative, has been shown to in¬ 
hibit carotene alisorption. Most of the stored vitamin A of the 
body is present in the liver. 

When vitamin A is omitted from the diet, the following im¬ 
portant deficiency symptoms appear; 

1. A failure of growth, 

2. A decrease in size and hardening (keratimzation) of the 
cells of certain tissues (epithelial tissues) of the body. These 
tissues include the lacrimal glands (which make the tears), the 
conjunctiva (membrane that lines the eyelids and covers the 
front of the eyeball), the cornea (transparent portion of the 
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eyeball), the salivary glands, the resx)iratory tract, the digestive 
tract, the genitourinary tract, the skin, and some of the ductless 
glands. 

The failure of tear secretion and the kcratinization of the 
cells of the cornea make it possible for bacteria to set up an 
infection of the eye. As a result, the cornea becomes cloudy 
and hardened. This condition, which may lead to permanent 
blindness, is called xerophthalmia. 

The changes in the respiratory tract explain why people suffer¬ 
ing from vitamin A deficiency are more likely to have colds, 
sinus disease, pneumonia, and other diseases of this system. It 
is not true, however, that colds can be prevented by taking 
vitamin A. 

In animals, at least, the changes in the genitourinary tract 
may lead to sterility. In some cases, kidney stones accompany 
the deficiency. 

In severe human deficiency the skin becomes rough and dry, 
and has a ‘Hanned’^ appearance. Many of the sweat glands 
in the roughened areas are destroyed, and a skin rash usually de¬ 
velops. This skin condition has been called phrynoderma. 

3. Night blindness (nyctalopia). The cells of the eye that are 
stimulated by light are called the rods and the cones. These cells 
are present in the retina, or inner lining of the eyeball. The 
cones respond chiefly to colored light, and are essential for 
normal color vision. The rods are stimulated by dim light. 
They contain a pigment known as visnal purple^ or rhodopsin. 
Visual purple appears to be a conjugated protein, in which vita¬ 
min A, or a pigment derived from vitamin A, is the prosthetic 
(nonprotein) group. In vitamin A deficiency visual purple can¬ 
not be made by the retina in normal quantities, and night blind¬ 
ness (inability to see in a dim light) develops. 

4. Defective tooth formation. The formation of enamel is de¬ 
fective in vitamin A deficiency, and abnormalities also may occur 
in the dentine. This sometimes causes striking deformities of 
the teeth of young animals and human beings existing on a de¬ 
ficient diet. 
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One international unit of vitamin A is equivalent in activity 
to 0.0006 mg. of crystalline /3-carotene. Adults probably require 
about 5,000 units (3 mg.) daily. The daily requirement of in¬ 
fants and children is somewhat lower (1,500 to 5,000 units). 
During pregnancy and lactation (milk secretion) the require-* 
ment is higher (6,000 to 8,000 units daily). 

Fish-liver oils are the richest natural sources of vitamin A. 
Green plants, yellow vegetables, eggs, milk, and dairy products 
are excellent food sources. 

Dried foods do not contain as much vitamin A as the food in 
fresh form. Prolonged cooking of food at temperatures above 
100® C. also may cause some destruction of the vitamin. 

Vitamin D 

A number of different compounds that have vitamin D ac¬ 
tivity are known. Most of these are ** activated ^ ^ forms of 
sterols, and can be prepared by exposing the appropriate sterol 
to ultraviolet radiant energy. The tw’o most important forms 
are activated ergosterol (calciferol, vitamin D^) and activated 
7-dehydrocholesterol (vitamin Da). Viosterol, a mixture of sub¬ 
stances formed when ergosterol is irradiated with ultraviolet 
radiant energy, contains calciferol. Fish-liver oils contain ac¬ 
tivated 7-dehydrocholesterol, and this same substance is thought 
to be formed in the skin when the body is exposed to sunlight 
or to ultraviolet rays. 

All forms of vitamin D are soluble in fats and fat solvents, 
but are insoluble in water. They are fairly stable to heat, al¬ 
kalies, acids, and oxidation. 

It appears to be the function of vitamin D to increase the 
absorption of calcium and phosphate from the intestinal tract. 
If the vitamin is omitted from the diet of young animals or chil¬ 
dren, symptoms characteristic of calcium or phosphate deficiency 
result. 

Rickets is the disease caused by diets deficient in vitamin D 
and phosphate. Between the end (epiphysis) and shaft (diaph- 
ysis) of the bones of growing animals and children is a zone 
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of cartilage, the epiphyseal line. In rickets the epiphyseal line 
continues to grow, but it is not converted to bone. This causes 
enlargements of many joints of the body. Bone development in 
general also is impaired, and the bones of a rachitic child are 
soft and easily deformed. The level of inorganic phosphate in 
the plasma is lower than normal. The child with rickets is 
irritable and does not grow at the usual rate. Mental develop¬ 
ment may be retarded. Rickets rarely occurs in older children 
or adults. 
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Diets deficient in calcium and vitamin D cause osteoporosis. 
This condition is characterized by extensive decalcification 
(softening) of bones. The knobby joints characteristic of rickets 
do not appear, because the epiphyseal line ceases to grow when 
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the diet is grossly deficient in calcium. Tetany (see page 691) 
may appear if the level of plasma calcium falls below normal 
Vitamin D deficiency causes a failure of proper formation of 
the dentine of the teeth. If the deficiency is severe, enamel 
formation also is impaired. 



Pijff. 90.—X-ray photograph of a rat with rickets produced by feeding a 
diet high in calcium, but low In phosphorus and vitamin D. The other 
photograph shows the rat after treatment with vitamin D. How does sun¬ 
shine help prevent rickets? (Courtesy of Mead, Johnson & Co.) 


An international unit of vitamin D has the same activity as 
0.000025 mg. of crystalline calciferol. The daily requirement of 
the vitamin for adults is unknown, and, indeed, there is no good 
evidence that the majority of adults require it. If 400 to 800 
units (0.01 to 0.02 mg.) are taken each day by the mother during 
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pregnancy and lactation, it is believed that the requirement of 
the fetus or infant will be met. Infants and children probably 
require about 400 to 800 units daily. 

Fish’liver oils, egg yolk, herring, foods irradiated with ultra¬ 
violet radiant energy, salmon, and sardines are excellent food 
sources. Exposure of the body to sunlight or to ultraviolet rays 
causes a formation of vitamin D in the skin. 

Vitamin E 

Several forms of vitamin E are loiown to occur in nature. 
The most active of these has been named a-tocopherol (tokos 
means childbirth; pher means to bear; and ol indicates that the 
compound is an alcohol). a-Tocopherol is a colorless or slightly 
yellow, odorless oil. It is a strong enough reducing agent to 
reduce alcoholic silver nitrate. 



When rats are placed on a diet deficient in vitamin E, the 
most striking symptom is sterility. In the case of the male ani¬ 
mals, this sterility is due to a degeneration of the cells that make 
the male sex cells (spermatozoa). If this degeneration is allowed 
to proceed for too long a time, the condition cannot be cured 
by giving the vitamin. In the case of females, the sterility is due 
to the fact that the embryonic blood vessels fail to develop nor¬ 
mally, and the unborn animal dies in the uterus. The lack of 
the vitamin has no effect on ovulation, fertilization, or initial 
formation of the placenta. The sterility of deficient females 
can be overcome by administration of vitamin E. 

The most striking feature of vitamin E deficiency in labora¬ 
tory animals other than the rat is paralysis; and, indeed, rats 
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also may develop paralysis when they are kept on tocopherol- 
deficient diets. Creatine appears in the urine of the paralyzed 
animals. 

Vitamin E is an excellent antioxidant, and can protect fats 
and fatlike substances from under^oinjG^ destructive oxidation. 
For example, vitamin A is more potent if given together with 
vitamin E, since less of the vitamin A is destroyed by oxidation 
in the intestinal tract and tissues of the body. 

Vitamin E has been used clinically in the treatment of certain 
types of human sterility and paralysis. However, the results 
thus far obtained have been inconclusive, and it is not certain 
that this food factor is required by the human being. 

An international unit of vitamin E is defined as the activity 
of 1.0 mg. of pure, synthetic, racemic a-tocopherol. 

Vegetable oils (especially wheat germ oil), green leaves, whole 
grains, meat, milk, and eggs are good sources of the vitamin. 

Vitamin K 

A number of substances possess vitamin K activity. The two 
forms of the vitamin known to occur in nature are termed 
vitamin and vitamin The most active synthetic vitamin 
is 2-methyl-l,4-naphthoquinone. Vitamin is a light yellow 
oil, crystallizing at low temperatures. Vitamin Kg is a light 
yellow, crystalline Compound, melting at 50^-52*^ C. The natural 
forms of the vitamin are soluble in fats and fat solvents, but are 
insoluble in water. However, several water-soluble substances 
that have vitamin K activity have been prepared in the chemical 
laboratory. 

Vitamin K is necessary for the formation of prothrombin by 
the liver. It will be recalled that this is one of the plasma 
proteins, and that it is required for normal blood coagulation 
(see page 653). The principal sign of deficiency is the appear¬ 
ance of numerous capillary hemorrhages (bleeding areas) fol¬ 
lowing slight injuries. The amount of prothrombin in the blood 
of deficient animals (usually chicks are used) is greatly reduced. 

Vitamin K cannot be absorbed from the digestive tract in the 
absence of bile. In human adults vitamin K deficiency is most 
common when the person is suffering from some condition in 
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which bile does not reach the doudenum in adequate amounts 
(obstructive jaundice, biliary fistula, and so on). It is dangerous 
to perform an operation on these persons unless the coagulation 
time of the blood is brought to normal by the administration of 
vitamin K (and bile salts if a water-insoluble form of the vita¬ 
min is given by mouth) prior to surgery. If the liver is severely 
diseased, the administration of the vitamin may be without 
beneficial effect, for the damaged liver may be unable to manu¬ 
facture prothrombin. 



L^-MpMiyl- 1,4-iiaphthoquiiione (menadione) 


Some infants are born with subnormal blood levels of pro¬ 
thrombin. Such infants bleed readily, and may die because of 
brain hemorrhages (bleeding). In some cases, this condition can 
be prevented by giving the vitamin to the motlier before de¬ 
livery. Administration of the vitamin to the deficient infant 
rapidly restores the prothrombin level of the blood to normal. 

Cabbage, alfalfa, liver, egg yolk, spinach, tomatoes, and cauli¬ 
flower are good sources of vitamin Kj. Vitamin apparently is 
made in the intestinal tract by bacteria. It is present also in 
putrefying fish meal. 
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Vaccenic Acid 

It lias been reported that rats fed diets containing all known 
nutritional essentials grew better wlien they were fed summer 
butter than they did when fed winter butter or rapeseed oil. The 
enhancement of growtli a])peared to be due to the presence of 
vaccenic acid, an isomer of oleic acid (see page 271), in the 
Slimmer butter. 


CH3 (CH,) ,OH=zCH (CH.) s(X)()H 
Va<tcenic acid 


Study Questions 

1. What was the origin of the term vitamin? 

2. Make up a definition for vitamin. 

3. List the water-soluble vitamins known to be required by human beings. 

4. What is meant by the phrase ^‘vitamin B complex 

5. What was the first water-soluble factor to be recognized? 

(). List the important symptoms of thiamine deficiency. 

7. Can large amounts of tliianiine be stored in the tissues? Give a reason 
for your answer. 

8. What is cocarboxylase? What is its function? 

9. IVhat is an international unit of thiamine? 

10. What are the daily requirements of thiamine for human beings? 
n. List several good food sources of thiamine. 

12. Is thiamine readily destroyed by cooking procedures? 

13. What color is crystalline riboflavin? 

14. What are the hydrolytic products of riboflavin? 

15. WTiat are the symptoms of riboflavin deficiency? 

16. What role does riboflavin play in the transport of hydrogen from 
food molecules to molecular oxygen in the tissues? 

17. What is the daily riboflavin requirement of the human being? What 
is a Bourquin-Sherman unit? 

18. List several good food sources of riboflavin. 

19. Give the chemical formula for nicotinic acid. 

20. How does nicotinamide differ from nicotinic acid? 

21. What is the role of nicotinamide in the transport of hydrogen from 
food molecules to molecular oxygen in tlie tissues? 

22. What is the average normal level of nicotinamide in blood? What 
percentage of the total blood nicotinic acid is present in the red blood 
cells? 

23. Name an excretory product of nicotinic acid metabolism. 

24. List the symptoms of nicotinic acid deficiency in the human being. 
What name is given to this deficiency disease? What is blacktongue? 
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25. List several good food sources of nicotinic acid. 

26. List the important deficiency symptoms of each of the following: 
pyridoxine, pantothenic acid, ciioline, biotin, inositol, p-aminobenzoic 
acid. 

27. What is the principal result of jderoylglutaiiiic acid deficiency? 

28. What is the formula for ascorbic acid? 

29. What are the probable functions of ascorbic acid in metabolism? 
oO, List the important symptoms of ascorbic acid deficiency. 

31. What animals require ascorbic acid in their diets? 

32. What is an international unit of ascorbic acid? 

33. What are the estimated daily requirements of the human being for 
ascorbic acid? 

34. Is ascorbic acid destroyed by cooking and drying procedures? 

35. List several good food sources of ascorbic acid. 

36. What is citrin? Itutin? 

37. List the fat-soluble vitamins. 

38. What is the most important provitamin of vitamin A? 

39. How many forms of vitamin A are known to exist in nature? 

40. Is bile required for the absorption of vitamin A or its provitamins? 

41. What common laxative inhibits carotene absorption? How do you 
explain this? 

42. In what organ is stored most of the reserve vitamin A of the body? 

43. List the important effects caused by vitamin A deficiency. 

44. Why does vitamin A deficiency cause night blindness? 

45. What is phrynoderma? 

46. What is an*international unit of vitamin A? 

47. What are the estimated daily requirements of vitamin A for the human 
being? 

48. List some good sources of vitamin A. 

49. Give the names of the two most important forms of vitamin D. 

50. What is thought to be the chief function of vitamin D in metabolism? 

51. List the important vitamin D deficiency symptoms. 

52. What is an international unit of vitamin D? 

53. What is the estimated daily human being requirement of vitamin D? 

54. List some good sources of vitamin D. 

55. Why is vitamin D sometimes referred to as the sunshine vitamin^^? 

56. What is the origin of the term tocopherol? 

57. What name has been given to the most active form of vitamin E? 

58. List the important symptoms of vitamin E deficiency. 

59. Is vitamin E required by man? Give reasons for your answer. 

60. List several good sources of vitamin E. 

61. How does the appearance of pure vitamin differ from that of 
pure vitamin K,? 

02. What is the most active synthetic vitamin K? 

63. What is the function of vitamin K? 
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64. What is the most important symptom of vitamin K deficiency f 

65. Under what circumstances do human beings have symptoms of vitamin 
K deficiency? 

66. Why may the administration of vitamin K to persons who have severe 
liver damage be inetfective in controlling capillary bleeding? 

67. Why is vitamin K sometimes given to expectant mothers? 

68. List several good sources of vitamin K. 
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CHAPTER XXX 


SUMMARY OP NUTRITIONAL REQUIREMENTS 

Introduction. —It is the function of the diet to furnish the 
body with the various substances required for normal me¬ 
tabolism. Moreover, these substances must be supplied in ade¬ 
quate amounts. One grwp of essential dietary factors, the 
vitamins, already has been discussed. In this chapter the other 
factors known to be required for normal nutrition will be de¬ 
scribed briefly. 

The Energy Eequirement. —All the energy liberated by 
metabolic processes eventually is converted to heat. If, then, 
we could measure the total amount of heat lost by a person in 
a day, we could calculate his daily energy requirement in terms 
of large calories of food. (It will be recalled that the ap¬ 
proximate energy value of 1 g. of protein is 4 large calories; of 
1 g. of carbohydrate, 4 large calories; and of 1 g. of fat, 9 large 
calories.) Obviously, it is impractical to measure directly the 
total heat eliminated by a person in a day. However, it is pos¬ 
sible to make fairly accurate calculations of energy requirements, 
provided we take into account the age, weight, height, sex, and 
type of occupation of the person whose requirement we wish 
to estimate. 

The Basal Requirement. —The energy production (i.e., heat 
loss) when the body is at rest, when no digestion is going on, and 
when the body temperature is normal (37° C. or 98.6° P.) is 
called the basal metabolism. Basal metabolism represents, as 
nearly as we can measure it, the minimal amount of energy re¬ 
quired for existence at a normal body temperature. It has been 
found experimentally that normal persons of the same age and 
sex eliminate, under basal conditions, approximately the same 
amount of heat each hour per square meter of body surface. 
Notice that heat loss is not correlated with body weight, but with 
body surface area. The number of large calories eliminated 
from each square meter of body surface in one hour under basal 
conditions is called the basal metabolic rate. This rate can be 
determined most conveniently by measuring with a special ap- 

737 



738 


ORGANIC AND BIOLOGICAL CHEMISTRY 


paratus the amount of oxygen used during a measured time in¬ 
terval by a person under basal conditions. Under these condi¬ 
tions it is assumed that each liter of oxygen (measured at 760 
mm. llg pressure and 0° C.) consumed is equivalent to 4.78 large 
calories of energy. In actual practice the required average basal 
metabolic rate can be obtained by consulting a table of normal 
values (see Table XVI). 


Table XVI 

The Boothby and Sandiford Normal Standards 



calories per square 

METER 

PER HOUR 


AGE 

males 

FEMALES 

AGE 

MALES 

FEMALES 

. 5 

(53.0) 

(51.6) 

20-24 

41.0 

36.9 

6 

52.7 

50.7 

25-29 

40.3 

36.6 

7 

52.0 

50.7 




8 

51.2 

48.1 

30-34 

39.8 

36.2 

9 

50.4 

46.9 

35-39 

39.2 

35.8 

10 

49.5 

45.8 

40-44 

38.3 

35.3 

11 

48.0 

44.6 

45-49 

37.8 

35.0 

12 

47.8 

43.4 




13 

47.1 

42.0 

50-54 

37.2 

34.5 

14 

46.2 

41.0 

55-59 

36.6 

34.1 

15 

45.3 

39.6 

60-64 

36.0 

33.8 

16 

44.7 

38,5 

65-69 

35.3 

33.4 

17 

43.7 

37.4 




18 

42.9 

37.3 

70-74 

(34.8) 

(32.8) 

19 

42.1 

37.2 

75-79 

(34.2) 

(32.3) 


Specific Dynamic Action of Food. —Foods have a stimulating 
effect on metabolism. Sujipose the average basal requirement 
of a person is 2,000 large calories daily. If we keep this person 
at absolute rest in a fasting condition for twenty-four hours, the 
amount of heat eliminated will be 2,000 large calories. However, 
if we keep him at rest, but give him 2,000 large calories (his 
basal requirement) in the form of food during the twenty-four- 
hour period, we shall find that he eliminates now about 2,200 
large calories of energy. In other words, metabolizing the food 
given him has resulted in the production of an extra 200 large 
calories of heat. The extra energy appears to be liberated almost 
entirely in the liver, and, therefore, cannot be used to do muscu¬ 
lar work. This effect of food in stimulating metabolism is called 
specific dynamic action. 

The specific dynamic action of protein is about 30 per cent; 
that is, there is an extra heat production of 30 large calories for 
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DUBOIS BODY SURFACE CHART 



Pig. 91.—Body surface chart. Connect the correct height (column 1} 
with the correct weight (column II) by means of a straight edge. The 
intersection of the straight edge with column II gives the surface area. 
What is your surface area? 


W£/€HT /A' fi/LOCfiAMS 
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each 100 large calories of food protein metabolized. The specific 
dynamic action of carbohydrate is about 5 to 6 per cent; and 
for fat, about 4 per cent. 

Calculation of the Daily Energy Requirement.—Suppose we 
wish to calculate the daily energy requirement of a young lady 
21 years of age. We shall assume that she is 64 inches tall and 
weighs 120 pounds. From Table XVI we learn that her normal 
basal metabolic rate is 36.9 large calories per square meter per 
hour. Pig. 91 tells us that her body surface area is 1.56 square 
meters. Therefore, her basal energy requirement for twenty- 
four hours will be: 

36.9 X 1.56 X 24 = 1,382 large calories 

To this figure should be added about 10 per cent of the basal 
requirement (i.e., 138 large calories) to allow for specific dy¬ 
namic action. 

1,382 + 138 = 1,520 large calories 

Finally, the requirement for muscular work must be added. 
This requirement is quite variable, since it depends on the 
amount of physical work expended each day by the person. For 
people engaged in sedentary occupatioas (office workers, stu¬ 
dents, physicians,' dentists, lawyers, dietitians, nurses, social 
workers, housewives, etc.) it varies usually between 500 and 
1,000 large calories daily. On the other hand, lumbermen may 
require 4,000 large calories or more for muscular activity daily. 
Assuming that the young lady of our example is a college stu¬ 
dent, and is fairly active, we may suppose that her muscular 
work requirement is 700 large calories daily. Her total daily 
energy requirement thus will be: 

1,520 + 700 = 2,200 large calories 

In proportion to body weight the energy requirement is higher 
in infancy and childhood than in adult life (see Tables XVI 
and XVII). This is due partly to the fact that the basal me¬ 
tabolism is higher, and partly to the fact that energy (food) is 
required for growth. 
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Table XVII 


Average Daily Energy Requirement per Kilogram of Body Weight 


AGE 

LARGE CALORIES PER KILOGRAM 

1 year 

100 

2 years 

90 

5 years 

80 

9 years 

70 

13 years 

65 

17 years 

50 

Adult, no exercise 

33 

Adult, light exercise 

37 

Adult, moderate exercise 

43 

Adult, hard labor 

48 


The Protein Requirement.—Amino acids are required for the 
synthesis of body protein, enzymes, pigments, hormones, and 
the other nitrogenous substances of the body. If extra protein 
is ingested, a portion of it may be used to form glycogen (and 
perhaps fat), or the extra amino acids may be oxidized with the 
production of carbon dioxide, water, urea, and energy. 

Certain amino acids present in food proteins cannot be syn¬ 
thesized in the body, and must be present in the diet. In their 
absence, young animals cease to grow, and adult animals lose 
weight. If the amino acid deficiency is continued for too long 
a time, death of the animal occurs. The essential amino acids are 
threonine, valine, leucine, isoleucine, methionine, lysine, tryjito- 
phaii, histidine, and jilienylalanine (see page 557). Arginine 
also is required for a normal rate of growth. In the studies 
that led to the discovery of the essential amino acids, rats and 
dogs were used as test animals. However, it is assumed that 
these same amino acids are required by man, although the evi¬ 
dence is not conclusive in the case of histidine and arginine. 

Proteins that contain adequate amounts of the essential amino 
acids are said to be adeqimte 'proteins. Eggs, kidneys, milk, and 
liver are the best food sources of adequate proteins. The pro¬ 
teins of lean meat, fish, poultry, shellfish, potatoes, and soybeans 
are nearly as good from a nutritional point of view as those just 
mentioned. In general, plant proteins, such as those in nuts, 
legumes, cereals, and most vegetables, are of poor nutritional 
quality; or, at best, are only fair. It often happens, however. 
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that two or more proteins, each of poor quality, supply all tlie 
essential amino acids when they are eaten together. 

The amount of protein that should be present in adult diets 
is estimated to be about 70 g. daily. This is sliglitly more 
than 1 g. per kilogram of body weight. Infants should receive 
from 2 to 2.5 g. per kilogram daily if the source is breast milk, 
or from 3 to 3.5 g. per kilogram daily if cow’s milk is used. 
Growing children probably require each day from 2 to 2.5 g. of 
protein per kilogram of body weight. 

Adults existing on adequate diets are in nitrogen equilibrium, 
or nitrogen balance; that is, the amount of nitrogen lost from 
the body each day is equal to the nitrogen ingested in the food. 
Growing infants and children, or persons convalescing from 
wasting diseases, are in positive nitrogen balance: the nitrogen 
intake exceeds the nitrogen excretion. This is due to the fact 
that a portion of the ingested protein is utilized in building new 
tissue. When the dietary protein is of poor nutritional quality, 
or is not ingested in adequate amounts, a negative balance re¬ 
sults, and more nitrogen is lost in the excreta than is taken into 
the body with the food. 

Ordinarily, from 10 to 20 per cent of the caloric intake is fur¬ 
nished by protein. 

The Lipid Requirement. —When rats are placed on a lipid-free 
diet, they cease to grow, fail to bear young, and develop a char¬ 
acteristic skin disorder. After a time, blood appears in the 
urine, and the animals soon die. It has been found that the 
addition of any of certain unsaturated fatty acids to the diet 
will prevent this deficiency syndrome. These essential fatty acids 
(see page 271) are linoleic acid (2 double bonds per molecule), 
linolenic acid (3 double bonds per molecule), and arachidonic 
acid (4 double bonds per molecule). Other evidence indicates 
also that the body can make saturated fatty acids and fatty acids 
whose molecules contain one double bond, but is unable to 
synthesize more unsaturated fatty acids. 

At present we are not certain that human beings require the 
essential fatty acids. It appears to be true, however, that certain 
types of eczema (a skin disorder) can be cured or alleviated by 
the administration of unsaturated fats, such as raw linseed oil 
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or corn oil. The blood plasma of patients who respond to this 
therapy contains less than the average normal amount of un¬ 
saturated fatty acids. 

Following the first World War, it was reported that diets 
low in lipid resulted in early fatigue of the soldiers. It is known 
today that the thiamine requirement is elevated when fat is nol 
present in adequate amounts in the diet. It is possible, but cer¬ 
tainly not proved, that this tendency to develop early fatigue 
on low fat diets might be prevented l)y increasing the thiamine 
intake. 

Most of the choline of the diet is present in the phospholipid 
fraction of the food (see ])age 285). 

Ordinarily, from 25 to 35 per cent of the calories of the diet 
is supplied by lipid. 

Dietary Carbohydrate.- -Theoretically, carbohydrate is not 
a dietary essential, for it can be made in the body from protein 
and from the glycerol present in lipids. Practically, however, it 
is the major energy food of the diet. Diets containing chiefly 
protein and fat are not palatable to many people, and in any 
case are much too expensive for the average person to afford. 
Usually, from 45 to 65 per cent of the caloric value of the diet is 
supplied by digestible carbohydrate. 

Plant foods (fruits and vegetables) contain fairly high per¬ 
centages of undigestible carbohydrate (cellulose and hemi- 
cellulose). Most persons require a certain amount of this type 
of carbohydrate for the prevention of constipation (see page 
607). Undigestible carbohydrate is listed as ''crude fiber’' in 
most nutritional charts. 

The Inorganic Requirement. —In addition to water, a number 
of inorganic substances are known to be essential for normal 
nutrition. The metabolic roles of the most important of these 
substances have been discussed in Chapter XXVII. The aver¬ 
age amounts of them required each day l>y children and by 
adults are listed in Table XIX. 

The daily water intake for adults is about 35 to 45 cc. per 
kilogram (16 to 22 cc. per pound) of body weight. The require¬ 
ment is higher in infancy and childhood. For example, nursing 
infants receive from 125 to 150 cc. of water per kilogram of body 
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12-14 YB. 

TOTAL CAL. 

AMOUNTS 

4 cups 664 

1-2 74-150 

3 servings 
lean (beef, 
chicken, etc.) 
or 2 servings 
medium 
fat (pork, 
salmon) 400-600 

7-10 YR. 
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to 
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1-2 YE. 
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9 M 0.-1 YB. 

AMT. CAL. 

^ cups 498 
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BASIC FOR age: 
PROTECTIVE 

FOODS 

Milk (including 
cheese) 


Lean meat, fidi, 
Poultry 
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Total _ 1,0071 1J32 | 1,247 | 1,277 | 1,4351 1,7731 1,7731 1,906-2,24512428-2,814 _ 

Reproduced through the courtesy of Dr. Dorothea F. Radusch and the Journal of the American Dental Aseodation, 
^Compiled 1937. The Individual child may vary from 100 calories in the younger ages to 300-400 in the older. Do not 
permit the supplementary energy foods to substitute for the protective foods In fulfilling caloric requirement. 
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Table XIX 

The Daiiy Hequikkment of Some Inorganic Substances 



nilLDREN 
(45 POUNDS) 

ADULTS 

(150 pounds) 

Sodium chloride 

l.(i5 

g- 

10.0 

g- 

Potassium 

L5 

g- 

3.0 

g- 

Phosphorus 

1.0 

g- 

1.3 

g- 

Calcium 

1.0 

g* 

o.s 


Magnesium 

0.25 

g* 

0.35 

g- 

Iron 

8.0 

mg. 

12.0 

mg. 

Copper 

1.0 

mg. 

1.5 

mg. 

Manganese 

3.0 

mg. 

1.5 

mg. 

Iodine 

0.15 

mg. 

0.1 

mg. 

Zinc 


Trat 

-,c 

Cobalt 


_ 

Tra( 

‘.e 

Sulfur 

Intake 

will be 

adequate if the 

protein 



intake is adequate 


weight daily. Approximately two-thirds the water taken into 
the body is present in solid and seinisolid food; tlie other tliird 
is ingested in liquid form. 

Acid and Alkaline Effects of Food. —Certain foods of the 
diet yield acid end products when they are eatabolized in the 
tissues. Most acid-forming foods contain high percentages of 
protein. (It will be remembered that acid sulfates, acid phos¬ 
phates, and uric acid are among the excretory products de¬ 
rived from protein.) Certain fruits contain fairly large 
amounts of benzoic acid. This acid is not metabolized in the 
tissues; instead, it is conjugated with glycine to form hippuric 
acid. Hippuric acid is eliminated in the urine. Typical acid¬ 
forming foods are meat, fish, poultry products, cereals, bread, 
cheese, corn, lentils, peanuts, pecans, walnuts, cranberries, 
plums, and prunes. 

Most of the acid end products of metabolism are excreted in 
the urine in combination with alkaline metals (sodium, po¬ 
tassium, calcium, magnesium). If these metals are not furnished 
by the diet, they must be furnished by the tissues, with a result¬ 
ing loss of base from the body (acidosis). Most of the metals 
in alkali-forming foods are present as organic salts. In the body 
the organic portion of the salt usually is oxidized to carbon 
dioxide and water. The metals that remain combine either with 
carbon dioxide and water to form bicarbonates, or with the end 
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products derived from acid-forming foods. Most fruits and 
vegetables (with the exceptions mentioned above) are alkali¬ 
forming. Other alkali-forming foods are milk, mince meat, 
almonds, Brazil nuts, chestnuts, and coconut. 

Study Questions 

1. Wliat is the function of the diet? 

2. What is the caloric value of 1 R. of each of the following: protein, 
fat, carbohydrate, sodium chloride? 

3. An aA^crage doughnut weighs 60 g. It contains 6.6 per cent protein, 
52.5 per cent digestible carbohydrate, and 21 per cent fat. How many 
large calories of energy arc supplied by one such doughnut? 

4. Define basal metabolic rate. How can it be determined? 

5. What is your normal basal metabolic rate? 

6. What is meant by specific dynamic action of foods? 

7. How much extra energy is produced by the metabolism of 10 g. of food 
protein? Of 10 g. of food carbohydrate? Of 10 g. of food fat? 

8. In wliat organ of the body is the heat of specific dynamic action pro¬ 
duced ? 

9. What is your body surface area in square meters? 

10. Calculate your caloric requirement for one day. 

11. Keep a record of your diet for one day. Using the tables given in the 
Appendix of this book, calculate the following: 

(a) Total caloric intake for the day. 

(b) Grams of protein, carbohydrate, and fat ingested. 

(<*) Intake oJ' vitamin A, tliiamine, ascorbic acid, vitamin D, and ribo¬ 
flavin. 

(d) Intake of calcium, iron, copper, and phosphorus. 

(e) Intake of undigestible carbohydrate (crude fiber). 

(f) Excess of acid or alkaline end products in terms of cubic centi¬ 
meters of 0.1 N acid or alkali. 

12. At wluit age is the average daily caloric requirement per kilogram of 
body weight 100 large calories? At what age is it half this (50 large 
calories) ? 

13. Why is protein required in the diet? 

14. Name the essential amino acids. 

15. Define adequate protein. What foods are the best sources of adequate 
proteins? 

16. How much protein should be present in the diet each day? 

17. What is meant by nitrogen equilibrium? Under what circumstances is 
a person in positive nitrogen balance? In negative nitrogen balance? 

18. What percentage of the caloric intake usually is furnished by protein? 

19. What symptoms develop when rats are placed on a diet deficient in 
unsaturated fatty acids? 
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20. Name the essential fatty acids. 

21. Is there any evidence that lipids are essential in the diet of human be¬ 
ings! Give reasons for your answer. 

22. Is carbohydrate a dietary essential! 

23. What percentage of the caloric intake is supplied by carbohydrate? 

24. Why is it desirable for the diet to contain some undigestible carbo¬ 
hydrate ! 

25. List the amounts of the following substances required each day by chil¬ 
dren and by adults: sodium chloride, phosphorus, calcium, iron, copper, 
iodine. List some other inorganic substances necessary for normal 
nutrition. 

26. Approximately how much water is ingested each day by a normal adult 
who weighs 154 lb.! 

27. Is the water requirement in childhood higher or lower than in adult 
life! How do you explain this? 

28. Name several acid-forming foods. 

29. Lemons taste sour, indicating that they contain acids. However, they 
are listed as an alkali-forming food. How do you explain this! 

30. Name several alkali-forming foods. 

31. Most fruits are alkali-forming foods. How do you explain the fact 
that cranberries, plums, and prunes are listed as acid-forming foods? 


References 

Sherman, H. C.: Chemistry of Pood and Nutrition, ed. 6, New York, 
1941, The Macmillan Company. 

Boothby, W. M., and Sandiford, I.: Basal Metabolism, Physiol. Rev. 4: 
69, 1924. 

Wilhelmj, C. M.; The.Specific Dynamic Action of Food, Physiol. Rev. 15: 
202, 1935. 

Mitchell, H. H.: The Nutritive Value of Proteins, Physiol. Rev. 4: 424, 
1924. 

Rose, W. C.: The Nutritive Significance of the Amino Acids, Physiol, 
Rev, 18: 109, 1938. 

Burr, G. 0., Burr, M. M., and Miller, E. S.: On the Fatty Acids Es¬ 
sential in Nutrition. III. J. Biol. Chem. 97; 1, 1932. 

Anderson, W. E., and Williams, H. H.; The Role of Pat in the Diet, 
Physiol. Rev. 17: 335, 1937. 

Clausen, S. W.: The Influence of Nutrition Upon Resistance to Infec¬ 
tion, Physiol. Rev. 19: 309, 1934. 

Maynard, L. A.: Relation of Soil and Plant Deficiencies and of Toxic 
Constituents in Soils to Animal Nutrition, Ann. Rev. Biochem. 10: 
449, 1941. 

Sommer, A. L.: Mineral Nutrition of Plants, Ann. Rev. Biochem. 10: 
471, 1941. 

McHenry, E. W., and I^reeson, H. ,T.: Nutrition, Ann. Rev. Biochem. 16: 
401, 1947. (See also other volumes of the Annual Heview ■ of 
Biochemistry .) 

Bosshardt, D. K., Ydse, L. C., Ayres, M. M., and Barnes, R. H.: The 
Use of Mice for the Measurement of the Growth Promoting Quality 
of Proteins, J. Nutrition 31: 23, 1946. 



APPENDIX 


INTEIiNATLONAL ATOMIC WEIGHTS, 1947 
Published by the Journal op the American Chemical Society 



o 

JD 

a 

O 



E 

CQ 


o a> 

Aluminum 

AI 

13 

26.97 

Antimony 

Sb 

51 

121.76 

Argon 

A 

18 

39.944 

Arsenic 

As 

33 

74.91 

Barium 

Ba 

50 

137.36 

Beryllium 

Be 

4 

9.02 

Bismuth 

Bi 

83 

209.00 

Boron 

B 

5 

10.82 

Bromine 

Br 

35 

79.916 

Cadmium 

(M 

48 

112.41 

Calcium 

Ca 

20 

40.08 

Carbon 

C 

0 

12.010 

Cerium 

Ce 

58 

140.13 

Cesium 

(3s 

55 

132.91 

Chlorine 

Cl 

17 

35.457 

Chromium 

Cr 

24 

52.01 

Cobalt 

Co 

27 

58.94 

(yolumbium 

Cb 

41 

92.91 

Copper 

Cn 

29 

63.54 

Dysprosium 


00 

162.46 

Erbium 

Er 

68 

167.2 

Europium 

Eu 

03 

152.0 

Fluorine 

F 

9 

19.00 

Gadolinium 

Gd 

64 

156.9 

Gallium 

Ga 

31 

69.72 

Germanium 

Ge 

32 

72.60 

Gold 

Au 

79 

197.2 

Hafnium 

Hf 

72 

178.6 

Helium 

lie 

2 

4.003 

Holmium 

Ho 

67 

164.94 

Hydrogen 

H 

1 

1.0080 

Indium 

In 

49 

114.76 

Iodine 

I 

53 

126.92 

Iridium 

Ir 

77 

193.1 

Iron 

Fe 

26 

55.85 

Krypton 

Kr 

36 

83.7 

Lanthanum 

La 

57 

138.92 

I^ad 

Pb 

82 

207.21 

Lithium 

Li 

3 

6.940 

Lutecium 

Lu 

71 

174.99 

Magnesium 

Mg 

12 

24.32 

Manganese 

Mn 

25 

54.93 

Mercury 

Hg 

80 

200.61 



o 

§ 

'S'® 
o S 

•«.s: 

£ '>« 
oaJ 


m 

•¥> ^ 


Molybdenum 

Mo 

42 

95.95 

Neodymium 

Nd 

00 

144.27 

Neon 

Ne 

10 

20.183 

Nickel 

Ni 

28 

58.69 

Nitrogen 

N 

7 

14.008 

Osmium 

Os 

70 

190.2 

Oxygen 

0 

8 

16.0000 

Palladium 

Pd 

40 

106.7 

Phosphorus 

P 

15 

30.98 

Platinum 

Pt 

78 

195.23 

Potassium 

K 

19 

39.096 

Praseodymium 

Pr 

59 

140.92 

Protactinium 

Pa 

91 

231 

Radium 

Ra 

88 

226.05 

Radon 

Kn 

80 

222 

Rhenium 

Re 

75 

186.31 

Rhodium 

Rh 

45 

102.91 

Rubidium 

Rb 

37 

85.48 

Ruthenium 

Ru 

44 

101.7 

Samarium 

Sm 

02 

150.43 

Scandium 

Sc 

21 

45.10 

Selenium 

Se 

34 

78.96 

Silicon 

Si 

14 

28,06 

Silver 

Ag 

47 

107.880 

Sodium 

Na 

11 

22.997 

Strontium 

Sr 

38 

87.63 

Sulfur 

S 

16 

32.066 

Tantalum 

Ta 

73 

180.88 

Tellurium 

Te 

52 

127.61 

Terbium 

Tb 

65 

159.2 

Thallium 

T1 

81 

204.39 

Thorium 

Th 

90 

232.12 

Thulium 

Tm 

69 

169.4 

Tin 

Sn 

50 

118.70 

Titanium 

Ti 

22 

47.90 

Tungsten 

W 

74 

183.92 

Uranium 

U 

92 

238.07 

Vanadium 

V 

23 

50.95 

Xenon 

Xe 

54 

131.3 

Ytterbium 

Yb 

70 

173.04 

Yttrium 

Y 

39 

88.92 

Zinc 

Zn 

30 

65.38 

Zirconium 

Zr 

40 

91.22 
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ORGANIC AND BIOLOGICAL CIIEAIISTRY 


COMPOSITION OF 
(.Ediblk 

(Keprijiled from Nutritkmal Charts tJirou^li 



CAL- 

rERCKNTAGE BY WEIGHT 


OKIES 


CARBO- 








NAME 

PER 


HY- 









100 

PRO- 

DRATE 


CRUDE 


CAL- 

PHOS- 




GRAMS 

TEIN 

OTHER 

TAT 

FIBER 

ASH 

CIUM 

PHORtrs 

IRON 

COPPER 




THAN 











TIBER 








Artichokes (globe)- 

50 

2.9 

8.7 

0.4 

3.2 

1.1 

.031 

.087 

.00095 

.00031 

Asparagus- 

28 

2.2 

3.2 

0.2 

0.7 

0.7 

.021 

.062 

.00096 

.00014 

Bam 1)00 shoots _ _ 

30 

2.5 

4.3 

0.3 

0.8 

0.8 

.00.^) 

.010 

.00070 

.00029 

Beaus, baked_ 

99 

6.0 

17.8 

0.4 

1.0 

2.3 

.052 

.155 

.00320 

.00023 

Beans, dried — _ 

334 

22.0 

58.2 

1.5 

3.9 

3.9 

.160 

.-171 

.00950 

.00069 

Beans, green__ 

37 

2.4 

6.3 

0.2 

1.4 

0.8 

.065 

.014 

.00098 

.00010 

Beans, dried lima_ 

324 

20.7 

57.3 

1.3 

3.8 

3.8 

.072 

.:;s() 

.00860 

.0(1086 

Beans, green lima_ 

125 

7.5 

22.0 

0.8 

1.5 

1.7 

.0(53 

.158 

.00210 

.00086 

Beans, green kidney 

88 

5.7 

15.5 

0.4 

0.9 

1.5 

.016 

.052 

.00057 

.00065 

Beans, soy, dried_ 

420 

40.0 

25.9 

18.0 

3.5 

4.6 

.255 

.61 L 

.00600 

.00160 

Beans, sov, green__. 

158 

16.0 

9.7 

6.1 

1.5 

2.0 

.072 

.231 

.()()3()0 


Beans, soy, sprouts- 

()() 

7.6 

6.7 

1.0 

0.9 

— 

.042 

.054 

.00250 


Beets -_ _ 

42 

1.6 

8.7 

0.1 

0.9 

1.1 

.029 

.039 

.00085 

.00019 

Beet greens__ 

28 

2.0 

4.2 

0.3 

1.4 

1.7 

.094 

.040 

.00310 

.00009 

Broccoli __ __ 

32 

3.3 

4.2 

0.2 

1.3 

1.1 

.114 

.(HiO 

.00140 

.{)()() 15 

Brussels sprouts_ 

53 

4.4 

7.6 

0.5 

1.3 

1.3 

.027 

.121 

I.00120 

.00(110 

Pabbage-- 

25 

1.4 

4.3 

0.2 

1.0 

0.8 

.045 

.029 

.00043 

.00005 

(kirrots__ 

40 

1.2 

8.2 

0.3 

l.l 

1.0 

.056 

.046 

.00061 

.00008 

(/aulifiower_ 

27 

2.4 

4.0 

0.2 

0.9 

0.9 

.022 

.072 

.00094 

,00014 

Coleriae (celery 











root)_ 

39 

1.7 

7.4 

0.3 

1.4 

0.9 

.047 

.071 

.00060 

.00013 

(kdery-_ __ 

19 

i.:i 

3.0 

0.2 

0.7 

1.1 

.078 

.037 

.00062 

.00001 

(!hard, leaves__ 

22 

1.4 

3.6 

0.2 

0,8 

1.2 

.105 

.036 

.00400 

.00011 

(Jhives ___ 

52 

3.8 

7.8 

0.6 

2.0 

__ 

.048 

.057 

.00250 


Pollnrds 

45 

3.9 

6.0 

0.6 

1.2 

1.7 

.207 

.075 

.00170 


Corn, canned 











(yellow)__ 

73 

2.0 

15.1 

()..5 

1.0 

1.0 

.004 

.051 

.00047 

.00010 

Co rn, green (yel 1 ow) 

104 

3.7 

19.7 

1.2 

0.8 

0.7 

.009 

.120 

.00047 

.00006 

Cucumbers 

13 

0.7 

2.2 

0.1 

0.5 

0.4 

.016 

.033 

.00033 

.00006 

Dandelion greens— 

45 

2.7 

7.0 

0.7 

1.8 

2.0 

.187 

.070 

.00300 

.00015 

Eirtrnlant__ 

25 

1.1 

4.6 

0.2 

0.9 

0.5 

.011 

1 .034 

.00047 

.00010 


“The data as given apply to the edible portion of food in the raw stale and on 
the wet basis. When either home-cooked or canned, the values will usually be con¬ 
siderably lower tlian those given here, because of dilutions with cooking water, 
the discarding of cooking liquid containing soluble nutrients, and a variable but 
frequently large destruction of vitamins through heat or oxidation in the cooking 
process. Each plant food may vary in composition, in mineral content, and in 
vitamin value, depending upon such factors as variety, maturity, soil, climate, stor¬ 
age and method of preparation. The figures reported are averages and give an 
indication of the relative contribution of each product. The data are subject to 
change as more evidence becomes available. 

*>Expressed in ml. of normal reagent, per 100 grams or per 100 ml. of food. 
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VEGETABLES- 

J’ORTION) 

the couitesy of llio H. J. Heinz Compsmy.) 


A1,K \~ 

VITAMIN CONIl.Nr l*t.R 100 GRAMS, 

SEE, FoOTNOlE^^ 


AVERAGE PORTION 


( + ) OR 

At lO 




NICO- 


TOTAL 


WEIGHT 

( ) 11- 
) I (. 

A'- 


B2 

TINIC 

ACU> 

c 

CAL¬ 

ORIES 

measure'* 

IN 

GRAMS 

+ 7 A) 

390 

150 

30 

n 

11 

50 

1 heart, edible leaf por¬ 
tion 

100 

+ O.S 

1,100 

180 

130 

1 

40 

23 

6 stalks 

100 

-f- <S.() 

22 

54 

X 

0 

6 

30 

% c. 

100 

-1- (i.O 

50 

120 

100 

1 

0 

90 

Vj c. 

100 

-(-18.0 

110 

500 

320 

2 

0 

94 

2 T. shelled 

28 

0.4 

1,200 

95 

150 

1 

23 

37 

1 c. strin^loss 

100 

4 -1:2.0 

4 00 

510 

750 

2 

0 

91 

% c. shelled 

28 

128.0 

900 

340 

200 

1 

42 

125 

% c. shelled 

100 

418.0 

900 

210 

95 

<1 

28 

88 

% c. shelled 

100 

-i- 4.5 

570 

1200 

750 

2 

0 

119 

3 T. shelled 

28 

417.0 

350 

470 

300 

1 

30 

158 

% c. .shelled 

100 

410.0 i 

170l 

100 

120 

1 

14 

66 

1 c. 

100 

j n.o 

50 

50 

70 

<1 

8 

42 

% c. 

100 

■127.0 

21,000 

110 

250 

<1 

50 

28 

1 c. 

100 

+ o.o 

9,000 

130 

250 

1 

80 

32 

1 e. ‘G’.urd^^ 

100 

411.0 

400 

170 

75 

0 

150 

53 

6 

100 

4 0.0 

3,^ 

80 

66 

0 

100 

14 

i +4 c. shredded as slaw 

57 

fll.O 

12,000 

70 

65 

<1 

4 

40 

1 large, scraped 

100 

4- 5.;} 

70 

100 

130 

<1 

75 

27 

1 c. ‘‘curd’^ 

100 

+ 8.8 

□ 

n 

□ 


□ 

39 

Ti *'• pared 

100 

4- 7.8 

10 

36 

35 


9 

8 

2 stalks 

40 

410.0 

9,000 

200 

140 

i 

40 

22 

114 c. 

100 

413.0 

500 

120 

□ 

1 □ 

70 

52 

2 bun dies 

100 

+ 

8,800 

200 

250 


70 

45 

% c. 

100 

- 1,8 

200 

20 

50 

1 

5 

84 

Vj e. 

115 

- 2.0 

390 

150 

140 

1 

12 

104 

1,4 c. e-ut from (‘ob 

100 

+ 7.9 

35! 

40 

90 

0 

10 

7 

10 slices, pared 

57 

+18.0 

12,000 

200 

220 

<1 

36 

45 

-1 

1 c. 

100 

+ 6.3 

70 

60 

31 

<1 

10 

25 

2 slices, pared 

100 


‘^Vitamin A is expressed in International units, vitamins Bi and Ba in rnicro" 
g^rains, and vitamin C and nicotinic acid in milligrams per 100 grams or per 100 
ml. of food. 


<*The measure as given is based upon the ediblo portion only and upon articles 
of average size. The food is calculated as in the raw state. These figures are not 
offered as exact data but merely as a guide in estimating average portions or serv¬ 
ings. The bones of meat and fish and skin of fowl are discarded along with most 
of the fat. 

T. = tablespoon 
t. = teaspoon 
c. = cup 

□ = data are lacking or insufficient 
< =r less than 
0 = poor or none 
X ~ fair 
XX = good 
XXX = excellent 
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ORGANIC AND IJIOLOGICAL CHEMISTRY 


COMPOSITION OF 
(Edible 


PERCENTAGE BY WEIGHT 


NAME 

CAI,- 

ORIE6 

PER 

100 

GRAMS 

PRO¬ 

TEIN 

carbo- 

hy¬ 

drate 

OTHI B 

THAN 

FIlll R 

EAT 

CRGDF 

EIHFK 

ASH 

CAL¬ 

CIUM 

PHOS¬ 
PHOR If 

IRON 

COPPER 

Endive- __ __ _ 

21 

1.6 

3.2 

0.2 

0.8 

0.9 

.104 

.039 

.00120 

.00009 

Escarole (cliicorv).. 

18 

1.6 

2.1 

0.3 

0.8 

1.0 

.027 

.029 

.00100 

.00014 

Garlie 

95 

4.4 

19.0 

0.2 

LO 

1.2 

.010 

.143 

.00230 

.00031; 

Horse radish__ 

91 

3.2 

19.0 

0.2 

2.4 

1.8 

.119 

.070 

.00200 

.00014 

Kale — - _ 

45 

3.9 

6.0 

0.6 

1.2 

1.7 

.195 

.060 

.00250 

.00052 

Kolil-rahi 

32 

2.1 

5.6 

0.1 

LI 

1.1 

.195 

.060 

.00061 

.00014 

Lambsquarters-_ 

44 

3.S 

.5.7 

0.7 

2.6 

3.0 

_ 

___ 

_ 

_ 

Leeks_ _ 

40 

2.5 

6.6 

0.4 

1.3 

1.0 

.058 

.056 

.00065 

.00050 

Lentils, dried_ 

334 

24.7 

56.6 

1.0 

3.3 

3.2 

.102 

.383 

.00760 

00066 

Let tuce_ _ 

IG 

1.2 

2.3 

0.2 

0.6 

0.9 

.013 

.023 

.00070 

.00004 

MarroWy vegetable-- 

17 

0.5 

3.4 

0.1 

0.6 

0.4 

.014 

.013 

.00022 

.00003 

Mushrooms__ 

30 

3.9 

3.1 

0.2 

0.9 

1.3 

.014 

.154 

.00180 

00180 

Mustard greens_ 

1 25 

2.3 

3.2 

0.3 

0.8 

1.2 

.220 

.038 

.00290 

.00030 

Okra- 

35 

1.8 

6.4 

0.2 

LO 

0.8 

.082 

.062 

.00063 

.00020 

Onions_ 

45 

1.4 

9.5 

0.2 

0.8 

0.6 

.034 

! .045 

.00048 

.00008 

Parsley—__ 

53 

3.7 

7.2 

1.0 

* 1.8 

2.4 

.045 

.029 

.00320 

.00021 

Parsnips_ 

75 

1.5 

16.0 

0.5 

i> 2 

1.2 

.059 

.076 

.00077 

.00012 

Peas, dried .. _ 

327 

23.8 

54.8 

1 4 

5.4 

3.0 

.084 

.400 

.00570 

.00140 

Peas, green _ __ _ 

92 

6.7 

15.5 

0.4 

2.2 

0.9 

.028 

.127 

.00210 

.00024 

Peppers, green_ 

24 

1.2 

1 4.3 

0.2 

r.4 

0.5 

.006 

.026 

.00040 

.00010 

Potatoes, sweet_ 

.121 

1.8 

26.9 

0.7 

1.0 

1.1 

.019 

.045 

.00077 

.00015 

Potatoes, white_ 

84 

2.0 

i 18.7 

0.1 

0.4 

1.0 

.014 

.058 

.00091 

.00017 

Pumpkins— - 

31 

1.2 

6.0 

0.2 

1.3 

0.8 

.023 

.059 

.00093 

.00003 

Radishes- ___ 

20 

1.2 

3.5 

0.1 

0.7 

1.0 

.021 

.029 

.00083 

.00016 

Rhubarb-- 

15 

0.5 

3.1 

0.1 

0.7 

0.7 

.044 

.031 

.00056 

.00005 

Rutabagas- __ 

Salsify (oyster 
plant)-- 

36 

1.1 

7.6 

0.1 

1.3 

0.8 

.074 

.056 

.00036 

.00015 

78 

3.5 

13.7 

LO 

1.8 

0.9 

.060 

.053 

.00160 

,00029 

Sauerkraut- 

14 

1.1 

2.0 

0.2 

1.4 

2.4 

.046 

.031 

.00040 

.00004 

SpinaeR--- 

22 

2.3 

2.6 

0.3 

0.6 

1.5 

.067 

.068 

.00260 

.00012 

Squash, summer_ 

17 

0.6 

3.4 

0.1 

0.5 

0.4 

.018 

.015 

.00035 

.00008 

Squash, winter- 

38 

1.5 

7.4 

0.3 

1.4 

0.8 

.019 

.015 

.00055 

.00004 

Taro_ 

93 

2.0 

20.7 

0.2 

0.8 

1.2 

.039 

.049 

.00390 


Tomatoes___ 

20 

1.0 

3.4 

0.3 

0.6 

0.6 

.011 

.026 

.00044 

.00007 

Turnips- 

30 

1.1 

6.0 

0.2 

1.1 

0.7 

.064 

.046 

.00052 

.00009 

Turnip greens- 

32 

2.9 

4.2 

0.4 

1.2 

1.8 

.216 

,075 

.00350 

.00009 

Water cress — _ 

21 

1.7 

2.8 

0.3 

0.5 

1.1 

.157 

.046 

.00300 

.00004 

Yams- 

103 

2.1 

23.3 

0.2 

0.8 

LO 

.044 

.050 

.00110 

.00001 

Yautia, yellow- 

110 

2.2 

24.9 

0.2 

0.6 

0.6 

.023 

.069 

.00160 

.- 


See pages 750 and 751 for footnotes. 
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VEGETABLES 

POFtTlON) 


ALKA- 

Vn'AMiN Content per 100 Grams, 

SEE FOOTNOTE^' 


AVERAGE PORTION 


(+) OR 
ACin 




NICO- 


TOTAL 


WEIGHT 

(-) EF¬ 
FECT^ 

A 

n 

1 

B2 

TINIC 

ACID 

c 

CAL¬ 

ORIES 

MEASURE 

IN 

CRAMS 

+ 7.0 

4,000 

100 

200 

1 

15 

9 

1+ head 

45 

f- 4.0 

23,000 

75 

210 

<l 

8 

3 

14 head 

16 

_ 

0 

150 

4 

n 

H 

_ 

1 rlovo, peeled 

0 

-i- 4.S 

n 

70 

n 

□ 

90 

9 

1 t. 

10 

+ 7.7 

11,000 

190 

500 

<1 

150 

45 

1 e. leaves 

100 

-f 8.0 

2,500 

50 

75 

0 

65 

32 

’/> e. 

100 


19,000 

X 

X 

□ 

85 

44 

1 e. leaves 

100 

4- 7.0 

1,000 

150 

X 

□ 

24 

23 

2 stalks 

57 

*1().0 

200 

500 

400 

0 

94 

2 T. 

28 

+ 7.4 

1,000 

60 

70 

0 

13 

12 

% head 

75 

f 1.9 

3C 

45 

□ 

□ 

11 

17 

% C. 

100 

-f 4.0 

120 

120 

500 

6 

8 

30 

7 

100 


11,000 

140 

370 

<1 

180 

25 

1 c. leaves 

100 

+ 4.7) 

400 

130 

10(» 

<t 

30 

17 

5 pods 

50 

+ 1.5 

50 

33 

60 

0 

20 

23 

1 

50 

+ 

5,000 

SO 

300 

□ 

140 

— 

1 sprig 

1 

+12.0 

200 

120 

80 

0 

30 

75 

y> large, scraped 

100 

+ 5.0 

5,100 

870 

300 

,3 

0 

92 

2 T. 

i 28 

+ 1.3 

2,000 

390 

150 

1 

25 

92 

% c. shelled 

1 100 

+ 1.7 

5,000 

70 

100 

0 

180 

24 

1 empty pod 

100 

-f 6.7 

4,200 

140 

70 

1 

i 33 

175 

1 pared 

145 

f 7.0 

40 

150 

50 

1 

1 28 

101 

1 pared 

120 

+ 1.5 

2,500 

50 

45 

<1 

10 

31 

yj c. seeded, rind re¬ 
moved 

100 

+ 2.9 

25 

40 

35 

0 

26 

7 

5 

35 

+ 8.5 

100 

24 

30 

0 

15 

15 

1 c. stems 

100 

+ 8.5 

25 

75 

100 

<1 

30 

I 

36 

% c. scraped 


f 2,9 

□ 

□ 

□ 

□ 

7 

78 

2 scraped 

100 

+ 5.7 

20 

24 

50 

0 

10 

14 

'% c. 

100 

+27.0 

8,400 

100 

300 

1 

75 

22 

1 c, leaves 

100 

+ 1.0 

1,000 

42 

52 

1 

23 

17 

1 c. seeded, rind re 
moved 

100 

+ 2.6 

7,000 

48 

46 

1 

18 

38 

1 c. seeded, rind re¬ 
moved 

100 

+18.0 

60 

90 

XX 

□ 

10 

93 

1 corm, pared 

100 

+ 5.6 

2,000 

80 

60 

<1 

27 

20 

1 small, cored 

100 

+ 2.7 

15 

60 

50 

<1 

43 

30 

% c. pared 

100 

+ 2.3 

16,000 

140 

370 

1 

120 

32 

1 c. leaves 

100 

+ 12.0 

4,000 

120 

250 

1 

60 

21 

2t^ c. leaves 

100 

+ 

88 

□ 

□ 

<1 

6 

155 

1 tuber, pared 

1 corm, pared 

150 

+15.0 

100 

80 

□ 

□ 

X 

no 

100 
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ORGANIC AND BIOLOGICAL CIIKMISTRY 


00Ml>O8]T10N 

(ErUBLE 


PERCENTAGE DY WEIGHT 



100 


CRAMS 

Apples __ _ -- 

60 

Apricots_ 

54 

Avocados- - _ - 

259 

Bananas 

96 

Blackberrie.s--_ 

46 

Blueberries (buckle- 


berries) _ 

63 

Cantaloupes- 

20 

Cherries _ 

67 

Cranberries_ 

48 

Currants___ 

48 

Bates, dried- _ _ 

306 

Figs, dried__ 

277 

(Joo.seberries_ 

37 

Grapefruit- 

43 

Grapes_ 

72 

Guavas-- 

56 

Honevdew Melons_ 

34 

Lemons__ 

40 

Limes_ 

52 

Loganberries__ 

64 

Mangoes_ 

69 

Muskmelons__ 

26 

Nectarines_ 

> 65 

Olives, green__ 

139 

Oranges__ 

48 

Papayas__ 

40 

Peaches, yellow- 

49 

Pears- 

64 

Persimmons- __ 

135 

Pineapples- 

57 

Plums 

54 

Pomegranates _ 

74 

Prunes, dried_ 

292 

Quinces. _ 

51 

RaisiTis 

292 

Raspberries, black __ 

69 

Raspberries, red_ 

56 

Strawberries_ 

36 

Tangerines_ 

46 

Watermelons- 

29 


CARBO- 

HY- 

PRO- DRATE CRUDE 

TEIN OTHER FIBER 

THAN 

_ FIBER _ 

0.3 13.9 0.4 1.0 0.3 

1.0 12.3 0.1 0.0 0.6 

1.7 3.7 26.4 1,4 1.3 

1.2 22.4 0.2 0.6 0.8 

1.2 7.8 1.1 4.1 0.5 


0.6 13.0 0.6 1.2 0,3 

0.6 4.0 0.2 0.6 O.f) 

1.1 14.5 0.5 0.3 0.6 

0.4 9.9 0.7 1.4 0.2 

1.6 9.5 0.4 3.2 0.6 

2.2 73.0 0.6 2.4 1.8 

4.0 62.6 1.2 5.8 2.4' 

0.8 7.6 0.4 2.5 0.4 

0.5 9.8 0.2 0.3 0.4 

0.8 16.2 0.4 0.5 0.5 

1.0 11.6 0.6 5,5 0.7 

0.6 7.5 0.2 0.5 0.(5 

0,9 7.8 0.(5 0.9 0.5 

0.8 12.0 0.1 0.3 0.6 

1.0 13.6 0.6 1.4 0.5 

0.7 16.2 0,2 1.0 0.5 

0.0 5.4 0.6 0.5 0.6 

0.5 15.6 0.1 0.4 0.5 

1.5 2.8 13.5 1.2 5.8 

0.9 10.6 0.2 0.6 0.5 

0.6 9.1 0.1 0.9 0.6 

0.5 11.4 0.1 0.6 0.5 

0.7 14.4 0.4 1.4 0.4 

0.8 32.0 0.4 1.5 0.9 

0.4 13.3 0.2 0.4 0.4 

0.7 12.4 0.2 0.5 0.5 

0.(5 17.4 0.2 0.3 0.5 

2.3 69.4 0.(5 1.6 2.1 

0.3 12.1 0.1 1.8 0.4 

2.3 69.5 0.5 1.7 2.0 

1.5 12.1 1.6 3.5 0.7 

1.1 11.6 0.6 2.8 0.5 

0.8 6.9 0.6 1.2 0.5 

0.8 9.9 0.3 1.0 0.7 

0.5 6.3 0.2 0.6 0.3 


CAL ¬ 

CIUM 

PHOS ¬ 

PHORUS 

IRON 

COl ' I’ER 

.007 

.012 

.00036 

,00010 

.014 

.025 

.00061 

.00018 

.010 

.038 

.00057 

.00021 

.009 

.031 

.00064 

.00021 

.017 

.030 

.00091 

.00016 

.025 

.020 

.00080 

.00011 

.017 

.015 

.00051 

. 0000(1 

.019 

.031 

.00040 

.00014 

.046 

.020 

.00044 

.00009 

.060 

.036 

.00063 

.00110 

.065 

.056 

.00360 

.00038 

.162 

.116 

.00290 

.00035 

.040 

.050 

.00017 

.OOOOS 

.021 

.020 

.00027 

.00003 

.017 

.021 

.00073 

.00009 

.015 

.016 

,00030 

.00002 

.017 

.016 

.00040 

.00007 

. 03(5 

.022 

.00060 

.00004 

.055 

.036 

.00060 

.00097 

.035 

.024 

.00140 

.00014 

.005 

.016 

.00030 

.00001 

.016 

.015 

.00039 

.00006 

.004 

.024 

.00046 

.00006 

122 

.014 

.00029 

.00018 

.045 

.021 

.00052 

.00008 

.019 

.013 

.00030 

.00001 

.016 

.024 

.00035 

.ooooo 

.015 

.026 

.00035 

.00010 

.022 

.021 

.00027 


.018 

.028 

.00037 

.00007 

.020 

.027 

.00056 

.00015 

.Oil 

.105 

.00078 

.00007 

.054 

.105 

.00290 

.00041 

.014 

.021 

.00100 

.00014 

.064 

.132 

.00430 

.00020 

.049 

.052 

.00088 

.000 

.041 

.035 

.00088 

.00013 

.041 

.028 

.00068 

.00002 

.042 

.017 

.00061 

.00009 

.007 

.012 

.00023 

.00007 


«The ash of these foods is alkaline, but because of substances in them which 
form hippuric acid in the body, they increase the acidity of the urine. 


^Ripe olives are soaked in alkali during their manufacture, and the alkaline 
content is apt to be high. 

See pages 750 and 751 for other footnotes- 
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755 


OF FRUITS 

POKTION) 


Al.KA- 

LINE 
(+) OR 
ACID 

(-) ef¬ 
fect'* 

Vitamin Content per 100 Grams, 

SEE FOOTNon.'’ 


AVERAGE PORTION 


A 


B2 

NICO¬ 

TINIC 

ACID 

c 

TOTAL 

CAL¬ 

ORIES 

MEASURE 

WEIGHT 

IN 

GRAMS 

1- :i.7 

50 

45 

50 

0 

1 6 

90 

1 larg^e, cored 

15(' 

4- 6.1 

4000 

30 

75 

<1 

n 

54 

4 halves, stoned 

100 

4l 1.0 

1’90 

120 

1.50 

1 

16 

259 

y, pear, pared, stoned 

100 

4- 5.6 

400 

60 

90 

<1 

28 

96 

1 small, peeled 

100 

4- 6.9 

85 

45 

60 

0 

10 

46 

1 c. 

100 

4< :^.7 

100 

45 

18 

0 

15 

63 

% c. 

100 

-t 7.5 

1000 

50 

75 

1 

42 

40 

U, seeded, rind removed 

1 200 

)• 4.5 

I’OO 

50 

40 

0 

12 

67 

18 stoned 

100 

e 

70 

50 

X 

0 

15 

48 

1 c. 

100 

4* 6.5 

400 

50 

140 

□ 

100 

48 

1 c. 

100 

+ 11.0 

21.0 

72 

100 

2 

o 

92 

1 stoned 

30 

4 55.0 

75 

100 

100 

o 

2 

85 

114 

30 

f 5.5 

580 

150 

n 

□ 

25 

57 

% '*• 

100 

+ 7.0 

20 

72 

40 

0 

42 

45 

14 c. juice 

100 

4- 4.0 

50 

45 

40 

< 1 

n 

72 

1 bunch, seeded 

100 

4- S.O 

200 

150 

90 

1 

250 

56 

1 pared, seeded 

100 

_ 

50 

46 

n 

0 

21 

68 

% seeded, rind i-eniovod 

200 

+ 5.0 

20 

60 

5 

0 

46 

40 

3/4 c. juice 

100 

1 lO.O 

130 

60 

5 

0 

56 

52 

3^ c. juice 

100 

+ 7.5 

X 

55 

□ 

□ 

55 

64 

1 c. 

100 

I- 5.0 

1500 

60 

100 

n 

1 

60 

69 

14 pared, seeded 

100 

4- 7.5 

2400 

57 . 

75 

25 

52 

i/{> seeded, rind removed 

200 

4 - 6.1’ 

2800 

72 

n 

□ 

25 

65 

2 pared, stoned 

100 

4- ' 

420 

8 

X 

0 

0 

35 

5 small, stoned 

25 

+ 5.6 

90 

78 

60 

0 

48 

48 I 

3^ c. juice 

100 

_ 

3000 

75 

150 

n 

1 

42 

40 i 

14 seeded, rind removed 

100 

+ 5.9 

1700 

20 

64 

8 1 

49 

1 large, pared, stoned 

100 

4.1’ 

15 

40 

76 

0 

5 

64 

2 halves, cored pared 

100 

— 

2600 

0 

□ 

□ 

100 : 

135 

1 small, seeded 

100 

+ 6.8 

200 

90 

55 

0 

38 

57 

2 slices, canned 

100 

e 

360 

100 

45 

<1 

5 

54 

3 stoned 

100 

+ 3.5 

□ 

□ 

100 

□ 

6 

74 

Y) seeded 

100 

e 

1600 

180 

160 

o 

3 

108 

4 stewed, stoned 

37 

4- 4.9 

□ 

□ 

□ 

□ 

9 

51 

1 boiled, as a sauce 

100 

+34.0 

50 

100 1 

130 

<1 

3 

131 

c. seeded and seed¬ 
less 

45 

+ 3.8 

0 

21 

□ 

□ 

30 

69 

% 

100 

+ 6.0 

130 

21 

□ 

□ 

30 

56 

% c. 

100 

+ 5.5 

50 

33 

70 

0 

60 

36 

12 hulled 

100 

+ 5.3 

300 

120 

40 

0 

48 

46 

2 peeled, seeded 

100 

+ 2.7 

500 

60 

35 

0 

7 

58 

1 slice, seeded 

200 
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OROANTC AND BIOI.OGICAl. CHEMISTRY 


COMPOSITION OF CEREALS 
(Emble 


PERCENTAGE BY WEIGHT 


NAME 

DRIES 

PER 

100 

CRAMS 

PRO¬ 

TEIN 

CARBO¬ 

HY¬ 

DRATE 

OTHER 

than 

FIBER 

fat 

CRUDE 

FIBER 

ASH 

CAL¬ 

CIUM 

PHOS 

PHORUS 

IRON 

COPPER 

Barley, pearled_ 


8.2 

78.3 

1.0 

0.5 

0.9 

.020 

.181 

.00200 

.00040 

Bread, enriched 











white-- — _ 

260 

8.5 

52.0 

2.0 

0.3 

1.3 

.180 

.098 

.00280 

.00034 

Bread, rye_ 

250 

8.9 

49.2 

2.0 

0.5 

1.8 

.024 

.148 

.00160 

.00028 

Bread, white_ -- 

260 

8.5 

52.0 

2.0 

0.3 

1.3 

.080 

.098 

.00090 

.00034 

Bread, wdiole wheat. 

258 

9.5 

47.0 

3.5 

1.0 

2.0 

.078 

.262 

.00300 

.00050 

Cake, devils food. 











iced- 

354 

6.2 

64.1 

8.1 

0.2 

1.1 

.122 

.202 

.00590 

.00006 

Cake, sponge- 

293 

7.9 

54.2 

5.0 

0.2 

0.9 

.073 

.221 

.00330 

.00004 

Cookies (average)-- 

378 

7.0 

62.4 

11.2 

0.4 

_ 

.()r)0 

.080 

.00150 


Cornmeal, vellow_ 

357 

9.1 

71.9 

3.7 

2.0 

1.3 

.018 

.276 

.00270 

.00020 

Crackers, Graham.- 

410 

8.0 

73.5 

10.0 

0.8 

2.2 

.020 

.203 

.00190 


Crackers, sodn 

415 

9.6 

72.5 

9.6 

0.2 

2.4 

.022 

.102 

.00150 


Doughnuts_ 

425 

6.6 

52.5 

21.0 

0.2 

1.0 

.045 

.083 

.00190 

.00011 

Farina_ 

368 

11.0 

79.0 

0.9 

0.3 

0.4 

.021 

.125 

.()()()8() 

.00029 

Farina, enriched_ 

3()8 

11.0 

79.0 

0.9 

0.3 

0.4 

.504 i 

.125 

.00530 

.00029 

Flour, buckwheat-- 

352 

6,3 

79.3 

1.1 

0.4 

0.9 

.010 

.176 

.00120 

.00070 

Flour, rye- 

353 

8.9 

77.4 j 

0.9 

1.1 

0.7 

.018 

.289 

00130 

.00042 

Flour, soybean- 

458 

40.5 

24.5 

22.0 

2.5 

5.0 

.280 

.600 

.01200 

.00120 

Flour, white_ 

' 354 

10,8 

75.6 

0.9 

0.3 

0.4 

.020 

.092 

.00078 

.00017 

Flour, enriched min. 

_ 

_ 

_ 

_ 

_ 

_ 

.110 

— 

.00290 


Flour, enriched max 







.140 


.00360 


Flour, wdiolc wheat. 

356 

13.0 

71.5 

2.0 

0.9 

1.6 

.038 

.385 

.00380 


Hominy, white- 

355 

8.5 

78.5 

0.8 

0.4 

0.4 

.011 

.144 

.00090 

.00019 

Macaroni, Spaghetti 

359 

13.0 

73.5 

1.4 

0.4 

0.7 

.022 

.144 

! .00120 

.00007 

Noodles, egg_ 

382 

14.3 

70.0 

5.0 

0.6 

0.7 

,024 

.156 

.00190 


Oatmeal (Rolled 











Oats)- 

391 

14.2 

67.0 

7.4 

1.2 

1.9 

.069 

.392 

.00380 

.00050 

Popcorn, popped— 

405 

10.7 

78.7 

5.3 

1.7 

1.5 

.020 

-- - 

.00190 


Prfit/el.s 

361 

8.8 

74.2 

3.2 

0.3 

5.5 

.037 

.130 

,00130 


Rice, brown_ 

354 

7.5 

77.1 

l.V 

0.6 

1.1 

.039 

.303 

.00550 

.00036 

Rice, white_ 

350 

7.6 

79.2 

0.3 

0.2 

0.4 

,009 

.096 

.00090 

.00019 

Tapioca.. 

349 

0.6 

86.3 

0.2 

0.1 

0.2 

.012 

.012 

.00160 

.00007 

Wheat bran_ 

312 

16.0 

50.2 

5.2 

17.1 

4.9 

.120 

1.215 

,01260 

,00120 

Wheat germ_ 

379 

25.2 

47.0 

10.0 

2.5 

4.3 

.070 

1.050 

.00860 

.00130 

Wheat, whole_ 

361 

11.7 

74.0 

2.0 

1.8 

1,8 

,045 

.423 

.00430 

.00060 


See pages 750, 751, and 754 for footnotes. 





















APPENDIX 


757 


AND BAKERY PRODUCTS 
Portion) 


ALKA¬ 

LINE 

(+) OR 

ACID 

(-) rr- 
FECT® 

VITAMIN CONTENT PER 100 GRAMS, 

1 SEE FOOTNOTE® 

AVERAGE PORTION 

A 

B 

1 

n2 

NICO' 

TINIC 

ACID 

c 

TOTAL 

1 CAL¬ 
ORICS 

MEASURE 

i 

WEIGHT 

IN 

GRAMS 

-10.0 

0 

120 

60 

3 

0 

107 

3 

T. 

30 

- 4.0 

0 

400 

350 

3 

0 

130 

2 

slices 

50 

- 5.2 

0 

210 

40 

1 

0 

125 

3 

slices 

50 

- 4.0 

0 

90 

90 

1 

0 

1,30 

2 

slices 

50 

- ;i.G 

20 

300 

140 

4 

0 

129 

2 

slices 

50 

- 6.3 

300 

40 

120 

1 

0 

202 

1 

piece 

57 

- 9.7 

640 

55 

150 

1 

0 

108 

1 

piece 

37 

- or 4- 

250 

90 

80 

3 

0 

106 

1- 

2 

28 

- 4.9 

510 

450 

170 

o 

0 

107 

3 

T. 

30 

- 8.5 

0 

300 

120 

2 

0 

125 

3 


30 

- 9.0 


100 

30 

<1 

0 

104 

4 


25 

- 1.7 

190 

280 

220 

o 

0 

242 

1 


57 

-11.0 

0 1 

50 

60 

1 

0 

no 

3 

T. 

.30 

-11.0 

0 1 

530 

270 

.3 

0 

no 

>3 

T. 

30 

- 7.1 

0 1 

300 

80 

o 

0 

77 

2 

T. 

1 22 

-11.0 

0 j 

180 

60 

1 

0 

64 

2 

T. 

18 

f 9.5 

140 

540 

410 

2 

0 

82 

i) 

T. 

18 

- 9.0 

0 

87 

40 

1 

0 

60 

») 

T. 

17 



440 

260 

3.5 


_ 



_ 

— 


550 

330 

4.4 


— 



— - 

-11.0 

25 

500 

120 

6 

0 

57 

2 

T. 

16 

- 1.7 

0 

180 

60 

1 

0 

178 

k 

I 

c. 

50 

-14.0 

0 

130 

70 

2 

0 

101 



28 

- 

180 

180 

110 

2 

0 

382 

% 

c. 

100 

-12.0 

0 

810 

150 

1 

0 

98 

H 

c. 

25 

- 8.0 

500 

X 

X 

1 

0 

69 

1 

c. 

17 

- 7.0 

0 

0 

0 

□ 

0 

90 

6 


25 

- 5.7 

20 

300 

60 

5 

0 

106 

,3 

T. 

30 

- 9,0 

0 

40 

20 

1 

0 

98 

2 

T. 

28 

• 0.0 

0 

0 

100 

0 

0 

140 

Vi 

c. 1 

40 

-25.0 

140 

520 

350 

32 

0 

87 

1 

c. 

28 

-20.0 

100 

3500 

700 

7 

0 

76 

2 

T. 

20 

-12.0 

14 

520 

120 

6 

0 

72 

2 

T. 

20 
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ORGANIC AND BIOLOGICAL CHEMISTRY 


COMPOSITION OF MEATS, FISH, 

(Edible 


HAME 

CAL¬ 

ORIES 

PER 

100 

GRAMS 




PERCENTAGE 

BY WEIGHT 



PRO¬ 

TEIN 

CARBO- 

HY¬ 

DRATE 

PAT 

CRUDF 

FIBER 

ASH 

CAL¬ 

CIUM 

PHOS¬ 

PHORUS 

IRON 

COPPER 

Bacon (loan)- 

531 

12.2 

1.4 

53.0 

_ 

4.7 

.006 

.108 

.00240 

.00050 


127 

10,5 

1.4 

8.8 

_ 

1.4 

.016 

.340 

.00530 

.00021 

Beef, chuck (good 











grade ) - _ 

268 

17.6 

0.0 

22.0 

— 

0.8 

.012 

.220 

.00300 

.00010 

Beef, chuck (com* 











moil grade)— 

— 

19.2 

0.0 

9.0 

— 

0.9 

— 

— 



Beef, corned (medi- 











\ 

288 

15.8 

0.0 

25.0 


5.0 

.009 

.170 

.00240 


Beef, corned (very 










lean)-- 

— 

19,4 

0.0 

8.0 

— 

6.2 

— 

— 



Beef heart (leau)_- 

104 

16.9 

0.7 

3.7 

— 

1.1 

.018 

.268 

.00350 

.00000 

Beef kidney-- 

137 

15.0 

0.9 

8.1 

— 

1.1 

.009 

.182 

.00410 

.00011 

Beef liver- 

132 

19.7 

6.0 

3.2 

— 

1.4 

.008 

.420 

.00790 

.00220 

Beef, loin (good 











grade)- 

341 

15,6 

0.0 

31.0 

— - 

0.8 

.012 

.216 i 

.00300 

.00010 

Beef, loin (common 











grade)- 

_ 

18.6 

0.0 

16,0 

— 

1.0 

— 

_ 



Beef steak (good 











grade) — — - 

233 

18.7 

1.4 

17.0 

— 

0.9 

.012 

.21(1 

!)0300 1 

.0001(1 

Beef steak (commor 









1 


grade)-i 

_i 

19.7 

0.0 

8,0 

— 

1.0 

— 

— 



Beef sweetbreads 











(good grade)- 

410 

10.3 

0.0 

41.0 

— 

0.9 

.014 

.595 

.00160 

.00008 

Beef sweetbreads 











(common grade)- 


14.4 

0.0 

19.0 

— 

1.5 


— 



Beef tongue (good 











grade) .- . - 

226 

15.7 

0.4 

18.0 


0.8 

.008 

.200 

.00600 


Beef tongue (com¬ 











mon grade) — 

_ 

17.4 

0.4 

n.o 

— 

0.9 

— 

_ 



Bluefish-- 

118 

20.5 

0,0 

4.0 

_ 

1.2 

.023 

.236 

,00060 

.00023 

Bologna-- 

217 

14.8 

3.6 

15.9 

_ 

3.0 

.009 

.160 

.00220 

.00000 

Chicken-- 

125 

21.1 

0.0 

4.5 


1.1 

.012 

.232 

.00320 

.00035 

Flams - 

77 

12.8 

3.4 

1.4 


2.1 

.109 

.099 

.00430 


Codfish _ - 

70 

16.5 

0.0 

0.4 


1.2 

.018 

.189 

.00090 

.00055 

Crabs_ 

81 

16.1 

0.6 

1.6 

_ 

1.7 

.017 

.181 

.00610 

.00057 

Duck -- 

159 

21.4 

0.0 

8.2 

_ 

1.2 

.010 

.200 

.00230 

.00050 

Egg whites—- 

46 

10.8 

0.8 

0.0 


0.6 

.015 

.014 

.00010 

.00007 

Egg yolks.. 

355 

16.3 

0.7 

31.9 


1.7 

.147 

,586 

.00860 

.00040 

Eggs- 

158 

12.8 

0.7 

11.5 

_ 

1.6 

.054 

.210 

.00300 

.00023 

Frankfurters- — 

201 

15.2 

3.3 

14.1 

_ 

2.8 

.009 

.164 

.00230 


Gelatin, dried— - 

343 

85.6 

0.0 

0.1 

_ 

1.3 

.453 

.234 



Goose- 

153 

22.3 

0.0 

7.1 


1.1 

.009 

.175 

.00240 

.00033 

Haddock- 

72 

17.2 

0.0 

0.3 


1.2 

.018 

.197 

.00050 

.00028 

Halibut- 

121 

18.6 

0.0 

5.2 


1.0 

.020 

.200 

.00100 

.00023 

Ham (fat)- 

456 

14.6 

0.3 

44.0 

— 

5.1 

.012 

.215 

.00300 



See pajjes 750, 751, and 764 for footnotes. 
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LINE VITAMIN CONIINI' TER 100 CRAMS, 

SLT. l-(iO TNOTF/' 

ACID Nice- 

-) rr- A Iij B2 tinic c 

FECT^* _ AC ID 

Z~4~s T) "270 ~ i50 ~ (T 

-21.0 51 170 300 5 10 

-11.0 21 84 270 0 0 


AVERAGE PORTION 

TOTAL 

CAL- MEASURE 

OKIES 


149 } .slices 

144 1 /^ lb. 

303 14 lb. 


-10.0 40 S7 100 


.325 i/j 11). 


- 9.1 200 GOO 750 0 

- 8.5 1,100 400 2000 10 

11.0 20,000 270 2500 20 


118 14 11 ). 

155 1 e. 
149 14 lb. 

385 14 lb. 


3 20 463 1 (>. 


200 20 
10 40 

XX 140 

XX 360 


2,800 420 
1,000 150 
0 190 
0 0 
□ 150 


n 0 

3 0 

7 4 


133 1 Ml filet 
93 4 sliees, skin removed 
141 1/4 lb. 

87 9 

79 H Ib. filet 
92 % c. 

180 >4 lb. 

16 1 white 

60 I yolk 
82 1, shell removed 
227 2 links 
31 1 T. 

173 14 lb. 

81 H lb. filet 
137 14 lb. filet 
515 Vi lb. 




760 


ORGANIC AND BIOLOGICAL CHEMISTRY 


COMPOSITION OP MEATS, PISH, 

(Edible 



CAL¬ 

ORIES 




PERCENTAGE 

MY WEIGHT 



NAME 

PER 

100 

GRAMS 

PRO¬ 

TEIN 

CARBO- 

HY¬ 

DRATE 

PAT 

CRIIDF 

FIBER 

ASH 

CAL¬ 

CIUM 

PHOS¬ 

PHORUS 

IRON 

COPPER 

Ham (lean)--- 

--- 

IK.f) 

0.3 

25.0 

_ 

5.8 

_ 

_ 



Herring__ 

136 

19.0 

0.0 

6.7 

_ 

1.6 

.021 

.224 

.00060 

.00028 

Lamb cliopH- 

230 

18.0 

0.0 

17.5 

_ 

1.3 

.010 

.194 

.00270 

.00042 

Lamb, leg_ 

230 

18.0 

0.0 

17.5 


1.2 

.010 

.194 

.00270 

.00040 

Lobster- 

84 

16.2 

0.5 

1.9 

— 

2.2 

.018 

.188 

.00090 

.00070 

Mackerel__ 

183 

18.7 

0.0 

12.0 


1.2 

.011 

.273 

.00100 

.00030 

Margarine, fortified 

733 

0.6 

0.4 

81,0 

_ 

2.5 

.004 

.012 

.00030 

.00004 

Mince meat_ 

280 

6,7 

60.2 

1.4 

_ 

4.0 

.085 

.175 

.00300 

.00008 

Oysters- 

Pork chops (good 

81 

9.8 

5.9 

2.0 

-' 

2.0 

.052 

.155 

.00450 

.00300 

grade)- 

347 

14.8 

0.0 

32.0 ! 

— - 

0,8 

.010 

.180 

.00250 

.00031 

Pork chops (common 



i 








grade)- 

— 

17,9 

0.0 

18.0 

— 

1.0 

— 

— 



Pork sausage- 

446 

10,8 

0.0 

44.8 

— 

2.1 

.007 

i .116 

.00160 

.00012 

Rabbit- 

175 

20.8 

0.0 

10.2 

— 

1.1 

.019 

.183 

.00056 

,00020 

Salmon-- 

218 

17.4 

0.0 

16.5 

_ 

1.0 

.025 

.250 

.00120 

.00020 

Sardines in oil_ 

207 

25.7 

1.2 

11.0 


4.7 

.340 

1 .390 

.00200 

.00004 

Scallops__ 

. 74 

14.8 

3.4 

0.1 

_ 

1.4 

.115 

.338 

.00300 

.00023 

Shrimp_ 

111 

25.4 

0,2 

1,0 

— 

2.6 

.096 

.292 

.00270 

.00043 

Tripe___ 

94 

19.1 

0.0 

2.0 


0.4 

.127 

1 .132 

.00160 


Tuna in oil— _ 

194 

24.2 

0.0 

10.8 

— 

2.0 

.030 

1 .300 

.00150 

.00050 

Turkey _ 

156 

24.0 

0.0 

6,7 

— 

1.1 

.030 

i .420 

.00450 

.00018 

Veal chops (good 











grade) -- 

Veal chops (common 

209 

18.6 

0.0 

15.0 

— 

1.0 

.012 

.220 

.00300 

.00025 

grade) - 

Veal cutlet (good 

--- 

19.7 

0.0 

8.0 

— 

1.0 


—- 

.00300 


grade) _ 

Veal cutlet (com¬ 

184 

19.1 

0.0 

12.0 

— 

1.0 

0.15 

.228 


.0002:5 

mon grade) _ 

--- 

19.9 

0.0 

6.0 

--- 

1.1 

_ 




Whitefish _ 

See pases 7r>0, 75] 

150 

L, and 

22.9 

754 f( 

0.0 

or foot! 

6.5 

lotes. 

— 

L6 

.025 

.263 

.00042 

.00010 
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AND POULTRY PRODUCTS 
Portion) 



- 7.5 
-15.0 
- 11.0 
- 11.0 

-36.0 

- 1.6 
- 8.1 

- 11.0 


-14.0 


- 9.8 

- 10.0 






762 


ORGANIC AND BIOLOGICAL CHEMiyTRY 


COMPOSITION 


PERCENTAGE BY WEIGHT 



CAL- 



OKIES 


CARBO- 








NAME 

PER 


HY- 









100 

PRO- 

DRATE 

r\T 

CRUDE 


CAL- 

PH08- 




CRAMS 

TEIN 

OTHER 


FIBER 

ASH 

CIUM 

PHORU8 

IRON 

COPPER 




THAN 











FIBER 








Almonds_ _ 

629 

18.6 

16.9 

54.1 

2.7 

3.0 

.254 

.475 

.00400 

.00120 

Brazil nuts_ 

686 

14.4 

8.9 

65.9 

2.1 

3.4 

.176 

.592 

.00400 

.OOLlO 

Butternuts__ 

679 

23.7 

8.4 

61.2 

_ 

2.9 

__ 

_ 

.00680 

.00120 

Cashew_ 

605 

19.6 

25.4 

47.2 

1.0 

2.7 

.048 

.480 



Chestnuts, fresh_ 

186 

2.8 

40.4 

1.5 

1.1 

1.0 

.034 

.093 

.00410 

.00060 

Coconut, dried — 

56() 

3.6 

49.8 

39.1 

3.4 1 

1.3 

.043 

.191 

.00360 

.00069 

Hazelnuts ( filberts). 

656 

12.7 

14.3 

60.9 

1 3.4 1 

2.7 

.287 

.354 

.00410 

.00120 

Hickory_ 

706 

13.9 

11.0 

67.4 

2 2' 

2.0 

_ 

_ 

.00290 

.00140 

Peanuts_ 

590 

126.9 

21 2 

44.2 

2^4 ! 

2.7 

.071 

.399 

.00200 

.00100 

Peanut butter_ 

611 

26.1 

19.0 

47.8 

2.0 

3.4 

.072 

.396 

.00180 

.00055 

Pecans_ 

738 

94 

10.8 

73.0 

2 2 

1.6 

.089 

.335 

.00260 

.00140 

Pistachios__ 

623 

19.6 

16.4 

53.2 

2.2 

3.0 

_ 

_ 

.00790 

.00120 

Walnuts, black_ 

664 

18.3 

16.8 

58.2 

1.9 

2.1 

_ 

_ 

.00600 

.00320 

Walnuts, English-.-. 

694 

15.0 

13.5 

64.4 

2.1 

1.7 

.000 

.360 

.00210 

.00100 


COMPOSITION 



CAL- 




PERCENTAGE 

BY WEIGHT 




OKIES 


CARBO- 








NAME 

PER 


HY- 









100 

PRO- 

DRATE 


CRUDE 


CAL- 

PH08- 




CRAMS 

TEIN 

OTHER 

FAT 

FIBER 

ASH 

CIUM 

PHORU8 

IRON 

COPPER 




THAN 











FIBER 








Apple Juice- 

50 

0.1 

12.5 

0.0 

0.0 

_ 

.006 

.010 

.00029 

.00008 


117 

4.9 

n 9 


0.2 


143 

.132 

.00043 

.00016 

Coffee, blacks^ 

4 

0.2 

0.7 

0.0 



.004 

.004 

.00046 


rtrdQff 

41 


10.3 




.017 



Cinger Alee 

36 


9.0 






1 

Grape Juice- 

76 

0.3 

18.6 


0.0 

0.4 

.010 

.010 

.00030 

.00002 

Grapefruit Juice— 

42 

0.4 

9.8 

0.1 

0.3 

0.4 

.010 

.017 

.00027 


Lemonade, plain- 

42 

0.0 

10.5 

0.0 

_ 

_ 

.003 

.001 

.00070 

.00013 

Orange Juice- 

45 

0,7 

10.1 

0.2 

0.0 

0.4 

.011 

.015 

.00031 

.00008 

Pineapple Juice- 

54 

0,3 

13.0 

0.1 

0.4 

0.4 

.016 

.013 

.00040 


Prune Juiu.f* 

79 

0.4 

19.3 

0.0 

0.0 


.010 

.020 

.00076 


Raspberry Juice_ 

35 

0.4 

8.3 

0.0 

0.0 

III 

.024 

.012 

,00080 


Root Beer^ 

32 


8.0 








Sauerkraut Juice 

3 

o"o 

0.7 

*0.0 



.odd 

.000 

.00000 

.00000 

Soda Pop^ - 

48 


12.0 





.017 



Tea, black"^_ 







.ddi 

.001 

.00072 

_ __ 

Tomato Juice_ 

”23 

0.! 

4*4 

'(K-i 

572' 

’ilo 

.007 

.015 

.00050 

.00005 


ifExcept as shown the analysis, vitamin, and mineral content are practically nil. 
See page 766, for analytical figures of cocoa, dried coffee bean, and dried tea 
leaves. See pages 750, 751, and 754 for other footnotes. 
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OP NUTS 
Portion ) 


ALKA¬ 

V^ITAMIN CONTENT PER 100 GRAMS, 

SEE FOOTNOTI/' 


AVERAGE PORTION 


LINE 
(+) OR 
At;iL> 

(-) EF¬ 
FECT^' 




NICO¬ 


TOTAL 


WEIGHT 

A 


B2 

TINIC 

ACID 

c 

CAL¬ 

ORIES 

MEASURE 

IN 

GRAMS 

+•12.0 

0 

300 

000 

5 

0 

88” 

12 nuts 


I- 4.5 

10 

1100 

70 

n 

0 

96 

2 nuts 

14 

_ 

X 

XX 

n 

□ 

0 

95 

4 nuts 

14 

_ 

X 

150 

190 

□ 

0 

85 

10 nuts 

14 

4- 5.0 

80 

240 

X 

1 

0 

26 

3 nuts, skin rernovod 

14 

-1- 8.5 

0 

70 

100 

<1 

0 

79 

2 T 

14 

h 4.8 

440 

500 

XX 

□ 

0 

92 

10 nuts 

14 

_ 

□ 

300 

000 

XX 

□ 

0 

99 

12 nuts 

14 

- 3.9 

400 

500 

16 

0 

83 

16 nuts, skin ro'movpd 

14 

- 3.9 

300 

1 300 

320 

16 

0 

104 

1 T. 

17 

- 5.6 

400 

1000 

250 

1 

0 

103 

12 meats 

14 

_ 

200 

□ 

n 

□ 

0 

87 

li 0. 

14 

- 

130 

330 

n 

□ 

1 

0 

93 

12 meats 

14 

- 7.8 

40 

340 

280 

0 

97 

12 meats 1 

14 


OP BPVPKAUES 


ALKA- 

MTAMIN CON'fL'Nr I'EK 100 CRAMS, 

SLL K)OTNOTL‘‘ 


AVERAGE PORTION 











(+) Ok 









ACID 




NICO- 


TOTAL 


WEIGHT 

(-) EE- 

A 


B2 

TINIC 

c 

CAL- 

MEASURE** 

IN 

EECT^ 




ACID 


OKIES 


CRAMS 

f 

30 

20 

30 

U 

.3 

60 

1 small glass 

120 

4 2.2 

420 

75 

230 

0 

0.9 

211 

1 c. 

180 

_ 

-_ 

_ 

_ 

<1 

_ 

7 

1 c. 

180 

— 

— 

_ 

— 

— 

— 

70 

1 bottle 

170 

_ 

— 

_ 

_ 

— 

__ 

61 

1 bottle 

170 

4 3.9 

0 

30 

30 

0 

6 

91 

1 small glass 

120 

-f 3.2 

21 

50 i 

30 

0 

41 

50 

1 small glass 

120 

4- 0.5 

□ 

8 

10 

0 

5 

88 

1 glass 

210 

4- 5.6 

250 

60 

60 

0 

35 

54 

1 small glass 

120 

4* 3.8 

90 

70 

20 

0 

25 

65 

1 small glass 

120 

_ « 

1,200 

50 

□ 

<1 

5 

95 

1 small glass 

120 

4- 6.2 

100 

20 

□ 

□ 

20 

42 

1 small glass 

120 


_ 




-- 

54 

1 bottle 

170 

4- 

0 

110 

Id 

□ 

8 

4 

1 small glass 

120 

_ 

_ 




_ 

82 

1 bottle 

170 

_ 



__ 

<1 


--- 

1 e. 

180 

4* 5.3 

1,200 

80 

45 

<1 

20 

28 

1 small glass 

120 
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ORaANIC AND BIOLOGICAL CHEMISTRY 


COMPOSITION OP 


CAL¬ 

ORIES 


PERCENTAGE BY WEIGHT 


NAME 

PER 

100 

GRAMS 

PRO¬ 

TEIN 

CARBO- 

HY¬ 

DRATE 

FAT 

CRHDF 

FIBER 

ASH 

CAL¬ 

CIUM 

PHOS¬ 

PHORUS 

IRON 

COPPER 

Rutter- 


0.6 

0.4 

81.0 

_ 

2.5 

.015 

.017 

.00020 

h 

Buttermilk- 

.'{f) 

3.5 

5.1 

0.1 

__ 

0.8 

.118 

.093 

.00025 

.00005 

Cheese, American-- 

m 

23.9 

1.7 

32.3 

- —- 

3.1 

.930 

.683 

.00140 

.00018 

Cheese, Cheddar-- 


23.9 

1.7 

32.3 

— - 

5.8 

.873 

.610 

.00130 

.00005 

Cheese, Cottage_ 

101 

19.2 

4.3 

0.8 

— 

1.2 

.082 

.263 

.00046 


Cheese, Cream- 

367 

7.1 

1.7 

36.9 


1.0 

.635 

.528 

.00130 

.00004 

Cheese, Roquefort-. 

391 

21.7 

1.4 

33.2 

— 

6.3 

.721 

.525 

.00098 


Clieese, Swiss.. 

404 

28.6 

1.9 

31.3 

__ 

4.2 

1.050 

.845 

.00130 

.00013 

Cr(3am, sour.— 

195 

2.5 

4.5 

18.5 

——— 

0.5 

.090 

.080 

.00022 

.00015 

Ooam, sweet_ 

' 208 

2.9 

4.0 

20.0 


0.6 

.090 

.080 

.00022 

.00015 






.150 


Ice Cream, Vanilla, 

214 

3.9 

20.3 

13.0 


0.8 


.12(1 

.00036 

.00003 

Milk, chocolate- 

83 

2.2 

15.6 

1.3 


—- 


.096 

.00020 

.00003 

Milk, condensed 







.273 




(sweetened)_ 

327 

8.1 

54.8 

8.4 


1.7 


.228 

.00060 

.00010 

Milk, dried skim 











(Defatted milk 







1.315 




solids)_ 

359 

36.8 

50.9 

0.9 

__ 

8.2 

.960 

1.020 

.00350 

.00057 

Milk, dried whole-_ 

503 

26.5 

38.4 

27.0 

— 

6.1 

.090 

.720 

.00064 

.00016 

Milk, evaporated--. 

139 

7.0 

* 9.9 

7.9 


1.5 

.250 

.200 

.00053 

.00012 

Milk, goat_ 

70 

3.3 

4.8 

4.2 

— 

0.7 

.128 

.103 

.00020 

.00002 

Milk, human- 

68 

1,4 

7.2 

3.7 

— 

0.2 

.034 

.015 

.00018 

.00006 

Milk, skim- 

36 

3.5 

5.0 

0.2 

— 

0.8 

.122 

.096 

.00025 

.00002 

Milk, whole 











(pasteurized)—. 

69 

3.5 

4.9 

3,9 

— 

0.7 

.120 

.093 

.00024 

.00002 

Whey, dried_ 

355 

13.0 

74.5 

0.5 

— 

8.5 

.572 

.521 

.00070 



‘‘Dependent on type of container in which it is processed. 
See pages 750, 751, and 754 for other footnotes. 
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PKOJ)UOT>S 


ALKA¬ 
LINE 
(+) OR 
ACID 

Vitamin Content per 100 Gr 

SEF. FOOTNOTE® 

AMS, 


AVERAGE PORTION 





NICO- 


TOTAL 


WEIGHT 

(-) ef¬ 
fect*’ 

A 


B2 

TIN 1C 

ACID 

c 

CAL¬ 

ORIES 

MEASURE 

IN 

GRAMS 

0.0 

2,400 

0-120 

37 

0 

0 

103 

2 pats 

14 

+ 2.2 

25 

42 

180 

0 

1.5 

74 

1 fflass 

210 

- 5.4 

2 ,00(1 

42 

450 

0 

0 

no 

1 slice 

28 

- 5,0 

2.000 

42 

600 

0 

0 

no 

1 cube 

28 

- 4.5 

no 

20 

300 

0 

0 

28 

% 

28 

- 3.4 

2,200 

30 

150 

0 

0.9 

104 

1 cube 

28 

4 

4,000 

30 

450 

1 

0 

109 

1 slice 

28 

- 5.0 

2,700 

30 

370 

<1 

0 

113 

1 slice 

28 

- 

2,200 

60 

350 

0 

1.0 

29 

1 T. 

15 

0.0 

1,600 

60 

350 

0 

1.0 - 

31 

1 T. 

15 

4 0.2 

900 

24 

150 

0 

1.0 

214 

Vo C. 

100 

+ 1.5 

20 

40 

180 

0 

0.8 

174 

1 0as8 

210 

4 5.2 

280' 

72 

CO 

0 

1.0 

98 

2 T. 

30 

-M8.0 

140 

360 

2100 

1 

7.0 

57 

2 T. 

16 

+12.0 

1,400 

300 

1500 

1 

6.0 

80 

2 T. 

16 

+ 5.1 

160 

60 

320 

0 

1.5 1 

139 


100 

+ 

170 

60 

80 

0 

1.5 

147 

1 dass 

210 

+ 

350 

14 

37 

0 

6.0 

68 

r 

100 

f 2.4 

17 

42 

160 

0 

1.4 

76 

1 glass 

210 

+ 2.3 

170 

36 

170 

0 

0.7 

145 

1 glass 

210 

+ 

□ 

1100 

59(10 

<15 

0 

28 

1 T, 

8 
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ORGANIC AM) BIOLCKJICAL CUKMLSTRY 


COMPOSITION or 
(Edibgk 



CAL- 




PFRCENTAGE 

UY WEIGHT 




OKIES 


CARBO- 








NAME 

PER 


HY- 









100 

PRO- 

DRATE 


CRUDE 


CAL- 

PUOS- 




GRAMS 

TEIN 

OTIIFR 

FAT 

FIBER 

ASH 

CIUM 

PIIORUS 

IRON 

COPPER 




THAN 











FIBER 








Ap[)le Pie_ 

2H) 

1.6 

32.0 

9.1 

0.6 

1.8 

.011 

.021 

.00190 


Candy (averaj^e)_ 

5o;i 

9.2 

59.5 

25.3 

0.0 

_ 

.080 

.180 

.002.50 


Chocolate, milk__ 

541 

6.0 

61.8 

30.0 

0.3 

1.4 

.196 

.200 

.00100 

.00007 

Clioc.olate, sweetened 

549 

3.8 

61.5 

32.0 

0.9 

1.1 

.032 

.1.54 

.00240 

.00090 

Chocolate, iinsw'eet- 











eiied_ 

m 

11.0 

27.4 

53.0 

2.8 

2.8 

.093 

.447 

.00690 

.002.50 

Cocoa (Breakfast). 

455 

17.5 

44.0 

23.0 

4.4 

4.4 

.149 

.715 

.01090 

.00400 

Cocoa (medium-fat) 

407 

19.3 

48.8 

15.0 

4.9 

5.0 

.103 

.785 

.01210 

.00440 

Cod-liver oil__ 

900 

0.0 

0.0 

100.0 

0.0 

0.0 

_ 

_ 


.00001 

Coffee i_ 

30S 

17.2 

22.7 

16.5 

18.4 

4.9 

.133 

.161 

.00670 

.00180 

Corn oil_ 

900 

0.0 

0.0 

100.0 

0,0 

0.0 

.000 

.000 

.00000 

.00000 

(!or‘Ti syrup 

297 

0.2 

74.0 

0.0 

0.0 

0.6 

.010 

.007 

.00150 

.OOOOfl 

Cottonseed oil-^ 

900 

0.0 

0.0 

100.0 

0.0 

0.0 

.000 

.000 

.00000 

.00000 

Honey—.. ' 

319 

0.3 

79.5 

0.0 

0.0 

0.2 

.004 

.019 

.00070 

.00020 

Kehdiup, tomato_ 

108 

2.0 

24.1 

0.4 

0.4 

3.6 

.017 

.042 

.00120 

00130 

Lard- 

900 

0.0 

0.0 

100.0 

0.0 

0.0 

.000 

.000 

.00000 

.00000 

Maple syrup_ 

256 

0.(‘ 

64.0 

0.0 

0.0 

0.7 

.107 

.013 

.00300 


Marmalade, orange. 

341 

0.6 

84.5 

0.1 

0.0 

0.5 

.035 

.013 

.00058 

.00012 

Molasses__ 

286 

2,1 

69.3 

0.0 

0.0 

3.2 

.211 

.044 

.00730 

.00190 

Olive oil__ 

900 

0.0 

0.0 

100.0 

0.0 

0.0 

.001 

.000 

.00008 

.00007 

Pickles- 

85 

0.4 

20.7 

0.1 

0.4 

1.7 

.009 

.008 

.00120 

.00021 

Potato Chips- 

571 

6.7 

46.7 

39.7 

1.3 

4.0 

,040 

.10(1 

.00330 


{Succotash- 

94 

3.6 

17.7 

1.0 

0.9 

0.9 


__ 



8ugar 











Granulated 











(sucrose). _ 

398 

0.0 

99.5 

0.0 

0.0 

0.0 

.000 

.000 

.00000 

.00000 

■Rrowu 

384 

0.4 

95,5 

0.0 

0.0 

1.2 

.090 

.012 

.00260 


Tca>-- 

249 

24.1 

19.7 

8.2 

10.6 

5.9 

.426 

.628 

.01550 

.00160 

Yeast, fresh- 

108 

13.3 

12.7 

0.4 

0.3 

2.4 

.025 

.605 

.00490 


Yeast, dried brewer? 

345 

46.1 

36.6 

1.6 

0.8 

7,9 

.106 

1.890 

.01820 

.00200 


Chemically there is no difference between cane and beet sugars. They also 
have similar physical properties and have equal nutritive value. 

See pages 750, 751, and 754 for other footnotes. 
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MISCELLANEOUS FOODS 
}*()K/n()N) 


ALKA- 

VITAMIN Content per 100 Grams, 

SEE FOOTNOTE^ 


AVERAGE PORTION 


( + ) OR 
ACU) 

(-) EF¬ 
FECT*^ 




NICO- 


TOTAL 


WEIGHT 

A 


B2 

TINIC 

ACID 

c 

CAL¬ 

ORIES 

MEASURE 

IN 

GRAMS 

+ :co 

42 

27 

32 

0 

4 

.'i46 

1 ])iO('t‘, % pie 

160 

- or -1- 

200 

80 

140 

4 

0 

287 

57 

C 2.9 

480 

50 

290 

n 

0 

308 

1 bar 

57 

+ 2.4 

36 

14 

□ 

□ 

0 

313 


57 

f (5.7 

60 

42 

240 

1 

0 

32 

1 T. 

5 

+n.o 

26 

67 

390 

2 

0 

27 

2 t. 

6 

-fl2.() 

17 

75 

390 

2 

0 

24 

2 t. 

6 

0.0 

85,000 

0 

0| 

0 

0 

99 

1 T. 

11 

+6:i.o 

900 

900 

70 

10 

0 

_ 

1 c. infusion 

180 

0.0 

0 

0 

0 

□ 

0 

99 

1 T. 

11 

0.0 

0 

0 

10 

0 

0 

65 

1 T. 

22 

0.0 

0 

0 

0 

0 

1 0 

99 

1 T. 

11 

- 1.1 

0 

6 

60 

0 

5 

80 

1 T. 

25 

+ 

270 

120 

70 

2 

11 

22 

1 T. 

20 

0.0 

0 

0-100 

10 

0 

0 

126 

1 T. 

14 

+ 

0 

0 

0 

□ 

0 

56 

1 T. 

22 

+ 2.8 

5 

20 

20 

0 

7 

85 

1 T. 

25 

UiO.O 

0 

50 

160 

4 

0 

40 

2 t. 

14 

0.0 

20 

0 

0 

□ 

0 

99 

1 T. 

11 

- 

190 

10 

30 

0 

7 

24 

4 small 

28 

+21.0 

80 

350 

210 

1 

15 

97 

8-10 large pieces 

17 

+ 

400 

90 

100 

□ 

8 

94 

c. 

100 

0.0 

0 

0 

0 

0 

0 

32 

2 t. 

8 

+60.0 

0 

0 

0 

0 

0 

19 

2 t. 

5 

+47.0 

0 

0 

350 

7 

0 


1 c. infusion 

180 

__ 

0 

3,500 

1500 

10 

0 

'is 

1 cake 

14 

+17.0 

0 

14,000 

5000 

50 

0 

35 

1 T. 

10 


‘The infusion has little food value except for added sugar and cream. See 
page 7t)2. The analytical iigurcs apply to dried coi'fce bean and dried tea leaves. 
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Absolute zero, 23 
Acacia, 397 
Acele, 3S0 
Acetaldehyde, ISO 
cyanohydrin, 189, 244 
reactions, 187 
uses, 195 

Acetaldoxime, 192 
Acetals, 191 
Acetamide, 226, 293 
Acetanilide, 46S 
Acetic acid, 129, 206, 209 
uses, 212 
anhydride, 224 
Acetoacetic acid, 261, (i32 
ester, 261, 485 

acid liydrolyv^^is, 263 
ketone hydrolysis, 2(54 
reactions, 262 
Acetone, 196, 632 
bodies, 632 
uses, 198 
Acetonitrile, 226 
Acetophenone, 452 
Acetyl chloride, 222 
cyanide, 223 
phovsphate, 618 
radical, 223, 225 , 
Acetylcholine, 301 
Acetylene, 126, 187, 211 
chemical reactions, 128 
physical properties, 127 
preparation, 127 
series, 126 
uses, 131 

Acetylsalicylic acid, 461 
Achroodextrin, 366 
Acid amides, 226 
anhydrides, 224 
chlorides, 222 
derivatives, 215 
hematin, 591 
Acidol, 302 
Acids, 35, 205 
aromatic, 456 
hydroxy, 459 
dibasic, 229 

halogen-substituted, 241 
properties, 243 
monobasic, 205 
substituted, 241 
unsaturated, dibasic, 236 


I Aconitic acid, 617 
I Acrolein, 169, 517 
Acromegaly, 699 
Acrylic acid, 245 
Acrylonitrile, 137, 179 
I Activated 7-dehydrocholesterol, 728 
I crgosterol, 728 
j Active valeric acid, 213 
I Acyl halides, 221 
j reactions, 222 
i Addison’s disease, 686 
i 1, 4-Addition, 132 
' Adeiiase, 583, 655 
I Adenine, 522, 596, 655 
I Adenosine, 524 
! diphosphate, 612 

I triphosphate, 611 

i Adenylic acid, 523, 612 
I Adenylpyrophosphate, 611 
Adequate proteins, 741 
Adipic acid, 229, 235 
Adiponitrilc, 508 
Adipose tissue, 631 
Adrenal glands, 683 
Adrenaline, 621, 683 
Adrenotrophic hormone, 700 
Adsorption, 52 
Agar-agar, 397 
Alabaster, 36 
Alanine, 548, 650 
Albuminoids, 565 
Albumins, 564 
Alcohol proof, 157 
Alcohols, 147 
aromatic, 429 
higher, 162 
polyhydric, 164 
primary, 161 
secondary, 161 
tertiary, 161 
Aldehydes, 181 
aromatic, 440 
fuchsine test for, 194 
reactions, 187 
resins, 194 
test for, 194 
Aldobionic acids, 396 
Aldol, 190 

condensation, 190, 451 
Aldoses, 316 
Aliphatic compounds, 63 
Alizarin, 488, 494 
Alkadienes, 131 
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Alkali reserve, 674 
Alkaloidal reagents, 529 
Alkaloids, 528 
classification, 529 
definition, 528 
isolation, 528 
isoquinolirie group, 538 
origin, 541 

physical properties, 529 
pyridine group, 529 
pyridine-pyrrolidine group, 530 
quinoline group, 535 
stryclmos group, 539 
tropane group, 531 
Alkencs, 116 

Alkyd resins, 169, 239, 308 
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halides, 96 

chemical properti(‘s, 103 
physical properties, 102 
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radicals, 69 
Alkylation, 88 
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Allergy, 577 
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properties, 295 
reactions, 295 
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Amino acids, 545 

anabolic products, 647 
antiketogenic, 648 
assay, 563 
catabolism, 648 
chemical properties, 559 
classification, 547 
definition, 549 
essential, 557 
isolation, 547 
ketogenic, 648 
optical activity of, 557 
physical properties, 557 
reaction with formaldehyde, 
563 


! Amino acids reaction—ContM 
with ninhydrin, 561 
wdth nitrous acid, 561 
synthesis, 556 

1 nitrogen, determination, 561 
j Amiiioacetic acid, 548 
! Aminoazobenzene, 484 
! Amin obeiizenesulf on amide, 469 
I p-Arainobenzoic acid, 459, 721 
, Aminodimethylaniline, 483 
i Aminoethyl alcohol, 286 
I Amino-isobutyric acid, 549 
! Aminophenols, 485 
' Aminopherase, 650 
i Aminopolypeptidases, 645 
i Aminopropionic acid, 548 
I Ammonium carbamate, 305, 649 
I cvanato, 304 
i Ammonolysis, 467 
i Amygdalin, 402, 446 
I Amvl acetate, 220 
I alcohol, 162 
' nitrite, 221 
a-Amylase, 366 
i /I-Amylase, 366 
! Amylases, 583, 604, 606 
; u Amylenc, 116 
; Amylene oxide ring, 329 
! Amy]ones, 126 
Amylodextrin, 306 
Amylopectin, 361 
Amylopsin, 606 
Amylose, 361 
Anabolism, 589 
I Anaphylactic shock, 577 
I Androsterone, 692 
I Aneurin, 709 
Angiotonin, 703 
Anilides, 468 
Aniline, 466 

anilide formation, 468 
black, 473, 499 
blue, 494 
halogenation, 473 
homologues, 476 
nitration, 472 
oxidation, 473 
reactions, 467 
salt formation, 467 
sulfonation, 468 
Vnimal protein factor, 721 
Vnisole, 433 

Vnterior-pituitary-like factor, 699 
Vnthocyanidin, 401 
Vnthocyanins, 401 
Anthracene, 426 
Anthrahydroquinone, 456 
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Anthraquinone, 427, 455 
dyes, 494 

Antianeraic principle, 702 

Antibodies, 653 

Anti-fatty liver principle, 682 

Antifebrin, 468 

Antioxidants, 273, 732 

Antipyrine, 265, 485 

ANTU, 444 

Apatites, 669 

A. P. L., 699 

Apoferritin, 670 

Aqua fortis, 36 

Arabans, 353, 395 

Arabinose, 317, 318, 353 

Arachidic acid, 206, 271 

Aralac, 392 

Aralen, 537 

Arbutin, 401, 441 

Ardil, 392 

Arecoline, 530 

Arginase, 583 

Arginine, 303, 551, 649, 656 

Argol, 258 

Argon, atomic diagram, 33 
Aromatic acids, 456 
hydroxy, 459 
alcohols, 429 
aldehydes, 446 
amines, 466 
primary, 466 

reaction with njtrous acid, 478 
secondary, 473 
tertiary, 475 
hydrocarbons, 407 

oxygen derivatives, 429 
ketones, 452 
Aromatization, 90 
Aryl halides, 414 
Ascorbic acid, 327, 722 
Asparagine, 227 
Aspartic acid, 550 
Asphalt, 85 
base oil, 85 
Aspirin, 461 

Asymmetric carbon atom, 248 
Atabrine, 537 
Atmungsferment, 597 
Atom, structure of, 24 
Atomic energy, 27 
nucleus, 24 
number, 25, 749 
structure, 24 
symbols, 27, 749 
theory, 22 
weights, 23, 749 


Atoms, 22 
Atropine, 533 
Autolysis, 587 
Auxenolonic acid, 704 
Aiixentriolic acid, 704 
Auxin a, 705 
Auxin b, 705 
Auxithals, 704 
Auxochrome groups, 489 
Avidin, 719 
Avogadro^s law, 24 
Azine dyes, 498 
x\zo dyes, 490 
Azobenzene, 475 
Azoxybenzene, 475 

B 

Baoycr\s test, 121 
Bakelite, 184, 437 
Banana oil, 220 
Barbital, 520 
Barbituric acid, 520 
Basal metabolic rate, 737 
metabolism, 737 
requirement, 737 
Bases, 35 
Beeswax, 283 
Beet sugar, 342 
Beetle, 184 

Benedict's solution, 324 
Benzaldehyde, 446 
preparation, 448 
properties, 449 
Benzedrine, 477 
Benzene, 93, 407 
carboxylic acid, 456 
diazonium chloride, 478, 480 
halogenation, 414 
homologues, 419 
Kekul6 formula, 409 
nitration, 417 

orientation of substituting 
groups, 415 
preparation, 411 
properties, 413 
source, 411 
structure, 408 
sulfonation, 418 
sulfonic acids, 419 
Benzidine, 499 
Benzoic acid, 456 
anhydride, 468 
Benzoin, 451 
condensation, 450 
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Benzol blends, 91, 412 
Benzoplienone, 452 
Benzopyridine, 517 
Benzopyrrole, 515 
Benzoquinone, 441, 453 
Benzoyl chloride, 457 
hydrogen peroxide, 450 
Benzoylation, 457 
Benzyl alcoliol, 429 
amine, 477 
(diloride, 420 
Berberine, 539 
Beriberi, 710 
Betaines, 302 
Betel chewing, 530 
Biaeetyl, 203 

Bial’s test, for pentoses, 441 
Bile, 628 
salts, 629 
Bilicyanin, 620 
Bilirubin, 629, 658 
Biliverdin, 629, 658 
Biose, 316 
Biotin, 719 
Biphenyl, 423 
Bismarck brown, 490 
Biuret test, 572 
Black leaf 40, 531 
Blucktongue, 715 
Blood circulation, 609 
clotting, 653 
platelets, 653 
sugar, 610 
Blueprint paper, 260 
Body surface chart, 739 
Bone oil, 511 
Borax, 280 
Bound water, 49 

Bourquin-Sherman unit, riboflavin, 
713 

Bowman capsule, 624 
British gums, 369 
Bromoform, 109 
Brucine, 539 
Buna N, 137 
Buna S, 93, 137 
Butadiene, 89, 94, 132, 133, 137 
Butane, 69, 70, 71, 80, 87, 89 
Butanol, 158 
Butanone*2, 202 
Butene-l, 89, 116, 126, 202 
Butene-2, 126, 202 
Butesin, 435, 533 
Butter, 638 
yellow, 490 


Butyl acetate, 220 
alcohol, 159 
bromide, 103 
cellosolve, 178 
chloride, 103 
iodide, 103 
mercaptan, 163 
rubber, 142 
Butylene, 110, 125 
But3m, 533 

Butyric acid, 206, 212, 271 
Butyrolactone, 246 

C 

Cadaverine, 303, 646 
(Caffeine, 525 
(\ilciferoI, 728 
Calcification process, 669 
(hilcite, 251 

Calcium metabolism, 666 
paracaseinate, 643 
propionate, 212 
Cane sugar, 342 
(*anned heat, 155 

Cannizzaro reaction, 184, 429, 451 
Capric acid, 206, 271 
Caproic acid, 206, 271 
Caprokol, 441 
Caprylic acid, 206, 271 
C/arbamate linkage, 600 
Oarbamic acid, 309 
I Carbamide, 304 
Carbamino ornithine, 649 
Carbinol, 150 
Carbitol, 179 

Carbocyclic compounds, 507 
Carbohydrases, 583 
Carbohydrates, 314 
absorption, 607 
bacterial action on, 607 
caloric value, 619 
conversion to fat, 620 
definition, 314 
dietary, 743 
digestion, 604 
excretion, 623 
formation from fat, 620 
intermediary metabolism, 608 
metabolism, 604 
energy of, 619 
hormonal control, 620 
summary, 624 
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Carbon, atomic structure, 61 
dioxide, elimination, 601 
transport, 598 
monoxide hemoglobin, 591 
preparation, 208 
tetrachloride, 109, llO 
tetrahedral model, 62 
valence, 61 
Carbona, 111 

Carbonic anhydrase, 583, 599 
Carbonyl chloride, 109, 304 

ftTOU}), 181 

(iarboxyl radical, 205 
Carboxypolypeptidases, 645 
Carbylamiiie reaction, 297, 473 
Carnauba wax, 283 
Carnaubyl alcohol, 283 
Caronamide, 510 
Carotenes, 725 
Carrageen, 398 
Casein, 566 
Cassava, 355 
Cast phonolics, 437 
Catabolism, 580 
Catalase, 584, 593 
Catalyst, 22 
Cataphoresis, 52 
Catechol, 439 
Catechu, 439 
Cathepsin, 587 
Caustic potash, 36 
soda, 36 
Celanesc, 380 
Cellobiose, 339 
Cellophane, 378 
Cellosolve, 178 
Celluloid, 383 
(Xdlulose, 371 
acetate, 225, 378 
derivatives, 375 
nitrate, 381 
sponge, 378 
structure, 373 
xanthate, 375 
tt'Cellulose, 371 
^-Cellulose, 371 
y-Cellulose, 372 
CebO'Glass, 380 
Cephalins, 286, 638, 653 
Cerebrosides, 287 
Cerotic acid, 271, 283 
Certo, 394 
Ceryl alcohol, 283 
Cetyl alcohol, 283 
Cetylpyridinium chloride, 515 
Cevitamic acid, 722 
Chain isomerism, 72, 254 


Charts, nutritional, 750 
Ghaulmoogric acid, 270, 271 
Chemical changes, 21 
equations, 29 
shorthand, 27 
Chloral, 194, 242 
liydrate, 194 
(yhloranil, 454 
Ghlorapatite, 669 
Chlorcx, 177 
(dilorguanide, 538 
Cldoride shift, 600 
Chlorine, atomic diagram, 34 
Chloroacetic acid, 241, 242, 24 
(9doroacetoplien one, 453 
('lilorobenzeiies, 414 
(ddoroform, 109 
Chlorohydrin, 123 
(ddoronaphthalenes, 425 
(liloroperfluoroheptane, 112 
(lilorophyll, 512 
Chloroprene, 137, 142 

1- Chloropropane, 101 

2- Chloropropane, 101 
(diloropropenc, 125 
(liloroquine, 537 
(ddorosol, 120 
Chlorotoluene, 421 
Cholane, 289 
Cholecystokinin, 703 
(Cholesterol, 288, 630 

metabolism, 638 
Cholic acid, 636 
(Choline, 286, 301, 683, 718 
Chondrus crispus, 398 
Cliorionic gonadotropin, 699 
Chromatin, 523 
Chromophore groups, 454, 488 
Chromoproteins, 507 
Chromosomes, 523 
Chylomicrons, 631 
I Chymotrypsin, 645 
Chymotrypsinogen, 645 
Cicutoxin, 542 
Cinchonine, 535 
Cinnamic aldehyde, 452 
Cis-trans isomerism, 237 
Citrate of magnesia, 260 
Citric acid, 259, 617 
cycle, 618 
Citrin, 724 
Citrulline, 551, 649 
Coacervates, 52 
Coal, distillation products, 411 
tar, 411, 511 
Cobalt metabolism, 671 
Cobra venom, 286 
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Cocaine, 532 
(-ocarboxylase, (519, 710 
C'odeiiydraso T, 594 
Codehydrase II, 504 
Codeine, 519 
Coenzyme I, 591, (513 
Coenzyrne II, 594 
Coenzyme R, 719 
(V)enzymes, 586 
(.V)ke,‘411 
(>()laniine, 286 
Colchicine, 541 
Collaf^cn, 565 
Collodion, 383 

(-olloid osnioti<' pressun', 651 
(.'olloidal disper.sion.s, -19 
hydrophilic., 49 
hydrophobic, 49 
mutual c,oaj;iilation, 52 
(/ompound lipids, 285 
Compounds, 21 
Condensation, 81, 190 
Cones, retinal, 727 
Con^jo red, 500 
Coniferyl aldehyde, 399 
(loniiiie, 529 

(hnijugated double bonds, 132 
proteins, 566 
Copper acetylide, 129 
metabolism, 671 
Copjrosterol, 639 
Cordite, 198 
(’ordura, 385 
(lori cycle, 619 
(’orpus luteum, 694 
Cortex, of adrenal ^land, 623, 684 
Corticosterone, 684 
Cortin, 623 
(youmarin, 519 
Covalence, 34 
Cozyinase, 594 
Cracking process, 93 
Cream of tartar, 258 
Creatine, 310, 615, 659, 732 
metabolism, 656 
phosphate, 311, 615 
Creatinine, 310, 659 
metabolism, 656 
Creosote oil, 411 
Cresoline, 445 
Cresols, 444, 646 
Cresylic acid, 445 
Cretinism, 688 
Crisco, 275 
Crotonaldehyde, 190 
Crude fiber, 743 
tartar, 258 


I Cryptoxjinthill, 725 
('uprammonium process, 381 
Curare, 540 
Curarincs, 540 
(Mriura, 27 
Cyanamide, 305 
Cyanidin, 402 
Cyanoacctic acid, 243 
Cyanogenetic glucosides, 402 
(\yanohydrins, 189 
('yanophoric glucosides, 402 
('lyclobiitane, 93 
('ycloheplane, 93 
Cyclohexane, 93 
(\vclonile, 183 
Cyclodclane, 93 
Cycloparafhns, 92 
(’yclopentane, 92 

Cvclopentanoperhvdrophenanthrene, 

289 

Cyclopropane, 92 
Cyclopropylinethyl ether, 176 
('ysteine, 552 
(Vsl.ine, 551 
('ytidine, 524 
('ylochrome oxidase, 597 
reductase, 596 
('ytochromes, 597 
('ytosinc, 521 

1 ) 

Dahllite, 669 
DDT, 194, 415 
Decane, 69 

Definition, of organic chemistry, 55 
7-Dehydrocholesterol, 728 
Dehydrogenases, 583, 593 
aerobic, 594 
anaerobic, 594 
Dehydrogenation, 89 
Dchydroisoaiidrosterone, 692 
Denaturation, 569 
Denatured alcohol, 155, 156 
Dental caries, 673 
Depot fat, 631 
Derived lipids, 288 
proteins, 568 
Desamidases, 583 
Desmolases, 584 
Desoxyribose, 318 
Dextrins, 369 
Dextrose, 320 
Dextrotartaric acid, 258 
Dhurrin, 403 
Diabetes insipidus, 701 
mellitus, 680 
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Diabetes-producing factor, 700 
IMabetogenic factor, 700 
Diacetic acid, 632 
])iacid chloride, 304 
Dialkyllialosilanes, 106 
Dialysis, 52, 570 
Dialyzing membrane, 52 
Diamines, 303 
aromatic, 476 
Diaminobenzenes, 476 
Diapliorase, 596 
Diastase, 365 
Diazo compounds, 479 
Diazoaminobenzene, 484 
Diazonium (*ompounds, 478 
coupling reaction, 483 
reactions, 480 
replacement reactions, 480 
tautomerism, 482 
salts, 480 
Diazotization, 478 
Dibasic acids, 229 
Dibroinobuiene, 132 
Dibromoindigo, 504 
Dibutylphthalate, 464 
Dichlorobutane, 508 
Dichlorodiethyl ether, 177 
sultide, 177 

Dichlorodifluoromethane, 113 
Diclilorodiphcnyltrichloroethane, 
415 

Diesel oil, 84 
Diethyl ether, 173 
sulfate, 221 

Diethylbarbituric acid, 520 
Diethylene glycol, 166 
Diets, for children, 744 
Digallic acid, 462 
Digestion, carbohydrate, 604 
gastric, 628, 643 
intestinal, 607, 630, 645 
lipid, 628 

pancreatic, 605, 630, 645 
protein, 643 
salivary, 604, 643 
Digitalis glucosides, 403 
Dihydrotheelin, 693 
Dihydroxyacetone, 316 
phosphate, 612 
Dihydroxyl alcohols, 164 
Dihydroxyphenols, 439 
Dihydroxyphenylalanine, 654 
Diliydroxysuccinic acid, 255 
Diiodomethane, 108 
Diiodotyrosine, 556 


Dimethyl ether, 173 
ketone, 196 
sulfate, 221 

Dimethylaminoazobenzene, 483, 491 
Dimethylaniline, 475, 479, 483 
2,2'-Dimethylbutane, 73 
2,3-Dimethylbutanc, 73 
3-Dimethylcycdohexane, 93 
Dimethyldichlorosilane, 106 
2,2-Dimethylpropanoic acid, 213 
Dimethylsiloxane, 107 
Diolehns, 131 
Diose, 316 
Dioxane, 179 
Dioxyphenylalanine, 654 
i Dipeptidases, 581, 583, 645 
I Diphenyl, 423 
I amine, 474 
i ether, 434 

I Diphosphoglyceric acdd, 613 
I aldohycle, 613 

I Diphospliopyridiiie nucleotide, 594, 
I 613 

DippeDs oil, 511 
Disaccharides, 335 
' non reducing, 342 
I reducing, 336 
! Disrnutation, 183 
Disul tides, 164 
Dithiols, 164 
Divinyl ether, 176 
Djenkolic acid, 552 
Dodecane, 69, 87 
Dopa, 554, 654 
oxidase, 654 
D. P. N., 594, 613 
Dreft, 162 
Drene, 163 
Driers, 274 
Drying oils, 273 
Ductless glands, 679 
Dulcitol, 333 
Durite, 437 
Dwarfism, 699 
Dyes, 487 
adjective, 500 
anthraquinone type, 494 
azine type, 498 
azo, 490 

classification, 489 

according to method of ap¬ 
plication, 499 
developed, 501 
direct, 499 
fast, 501 
ingrain, 501 
mordant, 500 
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Dyes—Cont ’cl 
riitrO; 490 
phthalein type, 49(5 
substantive, 499 
tliiazine type, 499 
triphenylmethane type, 492 
vat, 501 

Dynamic isomerism, 2(53 
Dynamite, 168 

K 

Edestin, 564 
Egg albumin, 564 
Eicosane, 69 
Elaeostearic acid, 271 
Elastin, 565 
Elastomers, 137 
Electrolytes, 34 
Electron, 24 
planetary, 24 
Electrophoresis, 52 
Electrovalence, 33 
Elements, 21, 749 
Empirical formula, 148 
Emulsifying agents, 49 
Emulsin, 332 
Emulsions, 48 

photomicrographs, 50 
Enantiomorphic forms, 250 
End products, 581 
Plndocrines, 679 
Energy requirement, 737, 740 
rich phosphate bond, 612 
Enolization, 335 
Enterocrinin, 703 
Enterogastrone, 702 
Enterokinase, 645 
Enzymes, 581 
activators, 586 
chemical nature, 584 
classification, 582 
crystalline, 584 

factors affecting activity, 584 
inhibitors, 586 
nomenclature, 582 
specificity, 585 
Eosin, 497 

Epinephrine, 621, 683 
Equation, chemical, 29 
ionization, 34 
Equilibrium point, 582 
Equivalent weight, 40 
of acids, 41 
of bases, 41 
of elements, 40 
of oxidizing agents, 42 
of salts, 41 


Erejisin, 645 
Ergones, 704 
Ergosterol, 289 
Eriodictyol, 724 
Erythrodextrin, 366 
Essential amino acids, 557, 741 
fatty acid, 742 
Ester gums, 169 
Esti^rases, 582 
Esters, 215 
! Estradiol, 693 
i Estriol, 693 

Estrogenic hormones, 693 
Estrone, 693 
Ethanal, 186 
Ethane, 69 
Ethanethiol, 163 
I Ethanoic acid, 209 
I Ethanol, 152 
I Ethanoyl chloride, 222 
I Ethene, 116 
I Ethers, 173 
‘ Ethocel, 384 
Ethyl acetate, 216, 220 
acetoacetatc, 261 
alcohol, 93, 152 

chemical properties, 154 
I preparation, 153 

I uses, 155 

amine, 295 
bromide, 100 
butyrate, 220 
eellulose, 384 
chloride, 99 
etlier, 173 
fluid, 120, 121 
formate, 220 
glyeolate, 245 
glycolic acid, 245 
hvdrogen sulfate, 119, 153, 173 
iodide, 100, 103, 175 
mercaptan, 163, 646 
methyl-carbinol, 160 
nitrite, 220 

Ethylene, 116, 1 17, 154, 233 
bromide, 127 

chlorohydriij, 123, 164, 177, 178 
diamine, 303 
dichloride, 119, 137, 233 
dicyanide, 233 
glycol, 93, 121, 123, 164 
moiioethyl ether, 178 
oxide, 178 
preparation, 119 
properties, 119 
series, 116 
uses, 122 
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Ethylidene bromide, 121, 128 
chloride, 118 
Ex-lax, 497 

Exophthalmic goiter, 689 
Exophthalmos, 689 
Extrinsic factor, 702 


F 

Fabrikoid, 

Factor U, 720 
Fat acids, 213 
Fats, 268 
analysis, 281 
composition, 269 

conversion to c-arboliydrate, 637 
energy value, 633 
formation from carbohydrate, 
620 

hydrogenation, 273 
hydrolysis, 269 
iodine number, 281 
rancidity, 272 

lieichert-Meissl number, 282 
saponification number, 281 
Fatty acids, 206 
abvsorption, 631 
catabolism, 633 
classification, 271 
oxidation in muscle, 637 
preparation, 214 
Feen-a-mint, 497 

Fehling’s solution, 187, 239, 323 
Ferric ammonium citrate, 260 
stearate, 281 
Ferritin, 670 
Ferrous oxalate, 232 
Fiberglas, 390 
Fibrin, 565, 653 
Fibrinogen, 564, 651, 653 
Fibroin, 565 
Film, photographic, 486 
Firedamp, 64 

Fischer-Tropsch process, 68, 153 
Fittig synthesis, 420 
Flavin, 596 
Flavones, 402 
Flavoproteins, 595 
Fluorapatite, 669 
Fluorescein, 497 
Fluorine compounds. 111 
metabolism, 672 
Fluorocarbons, 112 
Folic acid, 719 

Follicle-stimulating hormone, 699 
Follicular hormones, 693 


Foods, acid and alkaline effects of, 
746 

composition and caloric value, 
750 

Formaldehyde, 181 
uses, 184 
I Forinamide, 226 
I Formic acid, 206 

chemical properties, 207 
uses, 208 
Formose, 184 
Foxglove, 403 
Freon-12, 113 

Friedel'Crafts reaction, 419 
Fructose, 333 
diphosphate, 611 
metabolism, 608 
phosphate, 611 
F. S. II., 699 
Fuchsine, 493 
lest, 194 

hhimaric acid, 234, 23(5, 238, 617 
Functional groups, 103 
Furane, 507 
ring, 246 

Furfural, 318, 353, 507 
G 

Oalactans, 395 
Galacto-gliicurouic a<*id, 397 
Galactolipids, 287 
Galactosazone, 324 
Galactose, 288, 333 
metabolism, 608 
Gallic acid, 273, 442, 461 
Gallstones, 630 
Gammexane, 415 
Gas oil, 84 
Gasoline, 79, 83 
aviation, 88 
Gastric juice, 643 
Gastrin, 702 

Gatterman ^8 reaction, 449, 481 
Gelatin, 566 
Gentian violet, 493 
Geometric isomerism, 237, 254 
Gigantism, 699 
Glacial acetic acid, 211 
Gliaden, 565 
Globin, 566, 590 
Globulins, 564 
Glomerulus, 624 
Gluconic acid, 325 
Glucosazone, 323, 324 
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Glucose, 320 
cyclic structure, 327 
reactions, 322 
structure, 320 

Glucose-l-phospliate, 349, 611, 621, 
624 

Glucosc-6-pliospluite, 611, 621 
Glucosides, 400 
cyanophoric, 402 
digitalis, 403 
saponin, 403 
Glucuronic acid, 353 
Glutamic acid, 550, 650 
Glutamine, 227 
Glutaric acid, 229, 234 
anhydride, 234 
Glutathione, 164, 561, 675 
Gluteliiis, 564 
Gluten, 565 
Glutenin, 564 
Glyceric aldehyde, 316 
Glycerin, 167 
Glycerol, 93, 167 
Glycervl trinitrate, 168, 221 
Glycine, 243, 548, 656 
Glycocholic acid, 636 
Glycocoll, 548 
Glycogen, 370, 611 
formation, 610 
Glycogenesis, 610 
Glycogenic factor, 701 
Glycogenolysis, 610 
Glycol dinitrate, 165 
Glycolic acid, 243, 244, 245, 246 
aldehyde, 316 
Glycolide, 245 
Glycolipids, 287 
Glycols, 164 
Glycoproteins, 566 
Glycosides, 400 
Glycylglycine, 559 
Goiter, 688 

Gonadotrophic horinonos, 699 
GR-1, 137, 142 
GR-M, 137, 141 
GR-N, 137, 141 
GR-P, 137 
GR'S, 137, 140 
Grain alcohol, 152 
Gram moles, 23 
Gram-atomic weights, 23 
Gram-equivalent weights, 40 
Gram-molecular weights, 23 
Grape sugar, 320 
Graphic formula, 63 
Green oil, 411 

Qrignard reagents, 105, 189, 214 


(Jrowth hormone, 696 
Guaiacol, 440 
Guanase, 583, 655 
Guanidine, 309 
Guanine, 522, 655 
Guano, 524 
Giiaiiosine, 524 
Guanylic acid, 523 
Gum arabic, 318, 397 
benzoin, 451 
guaiacum, 273, 440 
Gums, 396 
Guncotton, 382 
Gypsum, 36 


H 

Halogen derivatives, 96 
Hard water, 278 
Heat stroke, 674 
Helianthin, 491 
Helium, atomic diagram, 33 
Homatin, 591 
Heme, 567, 590 
Hemiacetals, 191 
Hemicellulose, 392 
Hemin, 591 
Hemocyanin, 567 
Hemoglobin, 567, 590 
metabolism, 657 
Heparin, 653 
Heptadecane, 69 
Heptane, 69, 87, 90 
Hesperidin, 724 
Heteroauxin, 5.16, 705 
Heterocyclic compounds, 507 
with condensed rings, 515 
with five-membered rings, 507 
with six-membered rings, 513 
Hexachlorobenzene, 415 
Hexadecane, 69, 87 
Hexamethylenediamine, 387 
Hexamethylenetetramine, 183, 508 
Hexamine, 183 
Hexane, 69, 73 
1-Hexene, 116 
Hexokinase, 621 
Hexosans, 354 
Hexoses, 320 
n-Hexylene, 116 
Hexylresorcinol, 441 
Hippuric acid, 659 
Histamine, 646, 702 
Histidine, 555, 702 
Histones, 566 
Hofmann reaction, 293 
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Homocyclic compounds, 507 
Homologous series, 68 
Homologues, 68 
Honey, 333 
Hordein, 565 
Hormones, 679 
adrenal, 683 
digestive tract, 702 
ovarian, 693 
pancreatic, 679 
parathyroid, 689 
pituitary, 698 
plant, 703 
testicular, 692 
thyroid, 686 
Hyamine, 300 
Hycar, 140 

Hydnocarpic acid, 270, 271 
Hydrazobenzene, 475 
Hydrazones, 322 
Hydrobenzamide, 450 
Hydrocarbons, 55, 62 
aromatic, 407 
oxygen derivatives, 429 
dihalogen derivatives, 108 
halogen derivatives, 96 
paraffin, 68 
saturated aliphatic, 55 
unsaturated, 116 

Hydrochloric acid, in gastric juice, 
643 

Hydroforraing, 90 
Hydrogen, acceptors, 586, 593 
atomic dia^am, 34 
donators, 586, 593 
sulfide, 646 
transport, 593 
summary, 598 
Hydrogenation, 275 
Hydrolases, 582 
Hydrophilic sols, 49 
Hydrophobic sols, 49 
Hydroquinol, 439, 441 
Hydroquinone, 273, 401, 441 
Hydroxy acids, 243 
aromatic, 459 
reactions, 244 
synthesis, 244 
Hydroxyazobenzene, 483 
p-Hydroxybenzaldohyde, 403 
Hydroxybenzyl alcohols, 436 
3-Hydroxybutanol, 190 
jS-Hydroxybutyric acid, 632 
y-Hydroxybutyric acid, 246 
Hydroxylamine, 192 
Hydroxyproline, 555 
Hydroxypropionic acid, 245 


Hydroxy quinoline, 519 
Hydroxyvaleric acid, 246 
Hyoscyamine, 534 
Hyperinsulinism, 682 
Hypertensin, 703 
Hypertensinogen, 703 
Hyperthyroidism, 689 
Hypertonic solutions, 47 
Hypnone, 453 
Hypo, 487 
a-Hypophamine, 701 
i3-Hypophamine, 701 
Hypophysis, 698 
Hypotonic solutions, 47 
Hypoxanthine, 522, 655 


I 

Imidazole, 513 
Indican, 403 
Indigo, 502 
blue, 502, 503 
white, 502, 503 
Indole, 515, 646 
Indole-acetic acid, 516, 704 
Indophenol oxidase, 597 
Indoxyl, 503, 516 
Inks, 462 

Inorganic metabolism, 664 
requirement, 743 
Tnosine, 524 
Inosinie acid, 523 
Inositol, 287, 719 
Insulin, 620, 675, 679 
Intercellular cement substance, 723 
Interfacial tension, 48 
Intermediary metabolism, carbo¬ 
hydrate, 608 
lipid, 631 
protein, 647 
Intermedin, 701 
Interstitial cells, 692 
compartment, 665 
Intestinal juice, 607 
putrefaction, 646 
Intracellular compartment, 665 
Intrinsic factor, 702 
Inulin, 333, 370 
Invert sugar, 347 
Invertase, 347, 607 
In vitro, 621 
In vivo, 621 
Iodine, metabolism, 671 
number, 281 
Iodoform, 110, 154 
lodogorgoic acid, 556 
lodol, 511 
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Ion exchange resins, 280 
Ionization, 34 
equation, 35 
Ions, 35 
Irish moss, 398 
Iron, metabolism, 670 
Isles of Langerhans, 620 
Isobutane, 71, 88 
Isobutene, 90 
Isobutyl alcohol, 159 
Isobutylene, 137 
Isobutyric acid, 213 
Isocitric acid, 617 
Isoelectric point, 574 
Isoleucine, 550 
Isomerism, 71, 254 
chain, 72, 254 
cis-trans, 237, 254 
dynamic, 262 
geometric, 237, 254 
keto-enol, 262 
nuclear, 72, 254 
optical, 248, 254 
position, 101, 157, 254 
of sugars, 316 
Isomerization, 89 
Isomers, 72 
met a, 410 
ortho, 410 
para, 410 
resolution of, 256 
IsoTiicotinic acid, 514 
Isodctane, 87, 88 
Isodctene, 90 
Isopentane, 88 
Isoprcne, 132, 134, 137 
lsopropaT7ol, 157 
Isopropyl acetic acid, 233 
alcohol, 125, 158, 196 
bromide, 103, 124 
carbinol, 160 
chloride, 101, 103 
ether, 176 
formate, 216 

hydrogen sulfate, 125, 158 
iodide, 103 
Tsoquinoline, 519 
Isotonic solutions, 47 
Isotopes, 26 
of chlorine, 26 
Isovaleric acid, 213, 271 
I. U. 0. system of nomenclature, 72 


J 

Jelly making, optimal conditions, 
394 


K 

Karo, 367 
Karolith, 184 
Kephalins, 286 
Kerasin, 288 
Keratinization, 672 
Keratins, 565, 675 
Kerosene, 84 
Ketene, 225 

Keto-enol isomerism, 262 
Ketogenic factor, 700 
a-Ketoglutaric acid, 617, 650 
2-Ketogulonic acid, 722 
Ketone bodies, 632 
Ketones, 181, 195, 452 
aromatic, 452 
reactions, 199 
Ketonic acids, 260 
Ketopropionic acid, 224, 260 
Ketoses, 316 
I Ketosis, 632 
i Kiliaiii synthesis, 319 
I Kjeldohl method, 545 
i Krypton, atomic diagram, 33 
I 

I 

i I- 

I Lactalbumin, 564 
I Lactase, 583, 607 
Lactic acid, 244, 246, 341, 615 
cycle, 619 
Lactidca, 245 
Lactobionic acid, 341 
Ijuctogenic hormone, 700 
Lactones, 246, 329 
Lactoprolamine, 564 
Lactosazone, 326 
lactose, 340 
formation, 620 
I^kes, 501 
Lanolin, 285 
Lanthionine, 553 
Laurie acid, 206, 271 
I^aw, Avogadro’s, 24 
conservation of matter, 29 
mass action, 218 
L. casei factor, 720 
Lecithinase A, 286 
I^ecithiiiH, 285, 638 
Lecithoproteins, 568 
T^ees, 258 
Legurain, 564 
I^eucine, 550 

Leucomalachite green, 492 
Leucosin, 564 
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L. H.,, C99 
Light oil, 411 
Lignin^ 398 
uses, 399 

Lig'iioccric acid, 271, 283 
Lime, 3(5 

Limewater, 36, 39 
Linoleif' acid, 271 
Linoloiii(‘ acid, 271 
Ti in oleum, 274 
Linseed oil, 273 
Lipase, 270, 582, 628, 630 
Lipids, 267 

classification, 267 
comi)Ound, 285 
definition, 267 
derived, 288 
digestion, 628 

excretion of end [»roducts, 640 
intermediary metabolism, 631 
metabolism, 628 

endocrine control, 639 
function of liver, 635 
requirement, 742 
simple, 268 
in stools, 640 
Lipocaic, 682 

Li(piefied petroleum gases, 80 
Lithcote, 435 ^ 

Lobry de Bruyn transformation, 335 

Loco disease, 543 

Lone pairs, 296 

Lubricating oil, 84 

Lucite, 198 

Luminal, 520 

Lupinine, 534 

Luteinizing hormone, 699 

Lymph circulation, 630 

Lyophile technic, 571 

Lyotropic series, 569 

Lysine, 303, 551 

Lysol, 445 

Lysolecithins, 286 

Lyxose, 317 

M 

Madder root, 494 
Magenta, 493 
Magnesium citrate, 260 
Malachite green, 492 
Malaria, 536 
Maleic acid, 236, 239 
anhydride, 239 
Malic acid, 254, 617 
Malonic acid, 229, 232 
ester synthesis, 232 


Malonyl urea, 520 
Malt sugar, 336 
Maltase, 332, 583, 607 
Maltosazone, 326 
I Maltose, 336 
; structure, 336 
; Manimogenic lioriiioue, 697 
I Mannans, 332 
I Mannitol, 332 
! Mannose, 332 
I Markowiiikolf’s rule, 124 
I Marsh gas, 64 
1 Massecuite, 345 
I Mauve, 487, 498 
j Mauveine, 498 

I Medulla, of adrenal gland, 683 
Melanin, 567, 654, 686 
Melissic acid, 271, 283 
Melting point, 192 
I Menadione, 733 
I Menstruation, 696 
I Mepacrinc, 537 
I Mercaptans, 163 
I Mercuric fulminate, 168, 422 
I Mercurochrome, 498 
1 Meson, negative, 24 
i neutral, 24 
i positive, 24 
! Meta directing groups, 416 
i Meta isomers, 410 
i Metabolism, 589 
I Metakeiitrin, 699 
1 Metaldehyde, 193 
I Metals, 28 
Metatlietic reactions, 36 
Methaiial, 181 
Methane, 63, 69 
chemical properties, 65 
occurrence, 64 
physical properties, 65 
preparation, 65 
uses, 67 

Methanoic acid, 206 
Methanol, 150 
Methemoglobin, 591 
Methenamine, 183 
Methionine, 552, 656, 683 
Methyl, acetate, 215 
alcohol, 147 

chemical properties, 151 
preparation, 150 
structure, 147 
uses, 152 
amine, 293, 295 
bromide, 98, 103 
butanoic acid, 213 
butyrate, 220 
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IMethyl—Coiit 
carbirud, 152 
carbylamine, 297 
licllosolvo, 178 
cellulose, 384 
clilorido, 97, 103 
preparation, 97 
uses, 97 
('vaiiide, 22(5 
ether, 173 
ethyl k(!t()iie, 202 
tiuoride, 103 
foriuato, 219 
{^lucoside, 331 

j»’uanidiiie-aeotic acid, 310, 050 

hydr()^(‘n sulfate, 221 

iodide, 99, 103 

isocyanide, 297 

mercaptan, 646 

methacrylate, 59, 196, 198 

nicotinamide, 714 

oranjj^c, 490 

propanoic acid, 213 

propanol, 159 

propionate, 210 

purines, 525 

pyridinium iodide, 515 

salicylate, 400 

silicone, 107 

violet, 493 

2'Methy 1-1,3-butadiene, 132 

2- Methylbiitanoic acid, 213 

3- Methylbutanoic acid, 213 
Methylcyclohexane, 93 
Methylcyc.lopentane, 93 

5 - M et h y 1- 3 -h ej) t ene, 120 
4 Methyl-2-hexene, 126 
2-MethyM,4-naplithoquinoiie, 732 
Meihyl-a-naphthyl acetate, 444 

4- Methyl-l,3-pentadiene, 132 

2- Metliylpentane, 73 

3- Methylpentane, 73 

2-Methyl-l-propanol, 161 
2-Methyl-2-propHnol, 161 
2-Methyl-l-propene, 120 
Methvl-6-pyridone-carboxylamide, 
715 

Methylene, blue, 499 
chloride, 108 
group, 108 
halides, 108 
iodide, 108 
Metol, 486 
Middle oil, 411 
Milk, clotting, 645 
fat, 638 
sugar, 340 


i Millon’s reaction, 573 
i Miners^ cramps, 673 
I Molar solutions, 40 
; Molded phcnolics, 438 
I Molecular sjunbols, 28 
! weights, 23 
j Molecules, 23 
; Moles, 23 

: Molisch test, 443, 573 
j Monochloroacctic acid, 241 
, Monochromatic light, 252 
; Monofluoroacetic a(’id, 242 
; Monohydric phenols, 430 
' Monomers, 140 
: Monomethylaniline, 474, 478 
, Monosaccharides, 314 
! Mouovinyl acetjdene, 142 
i Mordants, 500 
Morphine, 538 
Moth balls, 424 
Mottled enamel, 673 
I Mucic acid, 333 
Mucilages, 397 
Miicins, 566 
Mucoids, 566 

Multiple alternate oxidation, 635 
: Muriatic acid, 36 
Mus<']c contraction, 611 
aerobic, pliase, 615 
I anaerobic pluise, 611 

I summary, 616 

; Mustard gas, 177 
j Mufarotation, 328 
I Mutual coagulation, 52 
Myricyl alcohol, 283 
I MyriStic acid, 206, 271 
: Myxedema, 689 


i N 

i Naphtlia, 84 
I Naphthalene, 424 
j Naphthalenesulfonic acids, 426 
Naphthenes, 92 
I /3-Naphthol orange, 491 
I Naphthol-yellow-S, 490 
I Naphthols, 443 
! Naphthoquinolines, 518 
1 a-Naphthylthiourea, 444 
j Neatsfoot oil, 268 
; Negative mesons, 24 
I valence, 31 
; Nembutal, 520 
j Neohexane, 88 
Neon, atomic diagram, 33 
I Neoprene, 137, 141 



788 


SUBJECT INDEX 


Neovitamin A, 726 
Neptunium, 27 

Nerve tissue, metabolism of, 619 
Nervon, 288 
Neurine, 302 

Neutralization reaction, 35 
Neutrino, 24 
Neutron, 24 
Now Skin, 383 
Niacin, 714 
amide, 714 
Nicol prisms, 251 
Nicotinamide, 713 
Nicotine, 530 
Nicotinic acid, 514, 713 
amide, 594, 713 
Niemaiin-Pick’s disease, 287 
Night blindness, 727 
Ninhydrin, 561 
Nitrile group, 104, 189, 214 
Nitro dyes, 490 
Nitroanilines, 472 
Nitrobenzenes, 418 

reduction products, 474 
Nitroethane, 80 
Nitrogen balance, 742 
Nitroglycerin, 168 
Nitrometliane, 80 
Nitroparaffins, 80 
N itroplienols, 434 
Nitropropane, 80 
Nitroso derivatives, 297 
Nitrosodimethylaiiiline,. 479 
Nitrosomethylaniline, 478 
Nomenclature, Geneva system, 72 
I. IJ. C. system, 72 
Nonadecane, 69 
Nonane, 69 
Non-electrolytes, 34 
Non-metals, 28 
Nonyl lactone, 246 
Norite eluate factor, 720 
Normal solutions, 40, 42 
Norvaline, 549 
Novocain, 533 
Nuclear hydrogens, 473 
isomerism, 72, 254 
Nucleic acids, 522, 646 
Nucleoproteins, 567, 646 
Nucleosidase, 646 
Nucleosides, 524, 646 
Nucleotidase, 646 
Nucleotides, 523, 646 
Nucleus, atomic, 24 
Nujol, 84 
Nutrilites, 704 


Nutritional requirements, 737 
Nyctalopia, 727 
Nylon, 236, 387, 508 

O 

Obesity, 639 
Octadecane, 69 
Octane, 69, 87 
number, 87 
Octene, 87 
Octyl acetate, 220 
Oil of mirbane, 418 
shale, 94 
of vitriol, 36 
Oils, 268 
drying, 273 
Olefins, 116 
Oleic acid, 271 
Optical antipodes, 250 
isomerism, 248, 254 
of amino acids, 557 
isomers, 249, 250 
Orange 1, 492 
Orange II, 491 
Orcinol, 441 

Organic chemistry, definition of, 55 
introduction to, 55 
methods of study, 58 
scope of, 56 

Organometallic compounds, 106 
Organosilicon compounds, 106 
Ornithine, 649 
cycle, 649 

Ortho-directing groups, 416 
Orthoisomers, 410 
Oryzenin, 564 
Osazones, 322 
Osmolar solutions, 47 
Osmotic pressure, 44 
Osteitis fibrosa cystica, 692 
Osteoporosis, 729 
Ovaries, 693 
Oxalacetic acid, 617 
Oxalic acid, 229, 542 
properties, 230 
Oxalosuccinic acid, 617 
Oxalyl chloride, 520 
urea, 520 
Oxidases, 583 
Oxidation, 36 
/3-Oxidation, 633 
w-Oxidation, 635 
Oxidative deamination, 648 
Oxide cas6eux, 550 
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Oxides, 178 
Oxidized cellulose, 385 
Oxidizing agents, 37 
Oxido-reductases, 583 
Oximes, 192 
Oxonium salts, 402 
Oxygen, atomic diagram, 34 
structure, 25 
transport, 589 
Oxynervon, 288 
Oxytocin, 701 

P 

Palmitic acid, 200, 271, 283 
Palmitin, 209 
Paludrine, 538 
Pamaquin, 538 
Pancreas, 679 
Pancreatic Juice, 005, 045 
Pancreatrophic hormone, 701 
Pantothenic acid, 717 
Papain, 587 
Papaverine, 538 
Para directing groups, 410 
Para isomers, 410 
Parabanic acid, 520 
Paraffin, 84 
base oil, 85 
hydrocarbons, 60, 69 
wax, 84 

Paraformaldehyde, 184 
Paraldehyde, 193 
Parathormone, 690 
Parathyroid glands, 089 
Parathyrotrophic hormone, 701 
Paris green, 212 
Pectic substances, 393 
Pectin, 393 
isolation, 393 
structure, 394 
uses, 395 
Pellagra, 714 
Penicillin, 509 
Pentachloroetliane, 111 
Pentachlorophenol, 433 
Pentadecane, 69 
Pentaerythritol, 171 
Pentamethylenediamine, 303 
Pentane, 69, 70 
Pentanol, 162 
Pentenes, 116, 126 
Pentobarbital, 520 
Pentosans, 319, 352 
Pentoses, 317 
reactions, 318 
test for, 441 


f^entothal, 521 
Pentyl alcohols, 162 
Pepsin, 643 
Pepsinogen, 643 
Peptidases, 645 
Peptide linkage, 559 
Peptides, 569 
synthesis, 560 
Peptones, 569, 643 
Perbenzoic acid, 450 
Perbunan, 141, 179 
Percentage solutions, 39 
Perchloroethylene, 120 
Perclenc, 120 
Perkin synthesis, 519 
Pernicious anemia, 702 
Perosis, 719 
Peroxidases, 583 
Perspective formula, 329 
Petroleum, 74 
cracking of, 85 
I ether, 81 
j occurrence, 75 
I origin, 76 
I refining, 81, 82 
j uses, 81 
I pH, 43 

1 Phenanthrene, 427 
Phenazine dyes, 498 
Phenetol, 434 
Phenobarbital, 520 
Phenol ax, 497 
Phenolic plastics, 437 
resins, 436 

Phenolplithalein, 464, 490 
Phenols, 430, 646 
alkylated, 444 
chemical properties, 432 
dihydroxy, 439 
ether formation, 433 
inonohydric, 430 
nitration, 434 
physical properties, 432 
preparation, 430 

reaction with formaldehyde, 435 
reduction, 433 
trihydroxy, 442 
uses, 438 

Phenyl ^oup, 192 
Phenylalanine, 553 
Phenylbenzoate, 458 
Phenylene radical, 476 
Phenylethyl alcohol, 430 
Phenyl glycine, 503 
Phenylhydrazine, 192, 322, 484 
Phenylhydrozones, 192 
Phenylhydroxylamine, 485 
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Plienylisopropylfimijic, 477 
Phenyl-jS-naphthylaniine, .141 
Phenylphenazonium dyes, 498 
Phenylpropioiiie aekl, 456 
Phlorhizin, 401 
Phloroglucinol, 442 
Phosgene, 109, 304 
Phosphatases, 581, 582, 607, 624, 
669 

Phosphate bonds, 612 
Phosphocrcatiiie, 311, 615 
Phosphoglucornutase, 621 
Pliosphoglyceric acid, 613 
aldehyde, 612 
Phospholipids, 285 
functions, 638 
Phosphoprotcins, 566 
Phosphopyruvic acid, 614 
Phosphorus metabolism, 667 
Phosphorylase, 349, 621 
Photographic film, 486 
Photos^Tithesis, 512 
Phrcnosin, 288 
Phrynoderma, 727 
Phthalein dyes, 496 
Phthalic acid, 463 
anhydride, 94, 463 
Pliysical changes, 22 
Phytamins, 704 
Phytosterols, 289 
Picolinic acid, 514 
Picric acid, 434 
Piperidine, 515 
Piperine, 530 
Pi toe ill, 701 
Pitressin, 701 

I^ituitary gland, 622, 639, 698 
Plano polarized light, 252 
Planetary electrons, 24 
Plant hormones, 703 
vitamins, 704 
Plasma proteins, 651 
Plasmochin, 538 
Plaster of Paris, 36 
Plastics, 124, 200, 437 
Plexiglas, 59, 196, 198 
Plutonium, 27 
Polarimeter, 251 
Polarized light, 251 
Polyamides, 387 
Polyehloroprenc, 141 
Polyethylene plastics, 124 
Polyhydric alcohols, 164 
Polymerization, 90, 193 
Polyneuritis, 710 
Polynucleotidase, 646 
Polypeptidases, 583 


I Polysaccharides, 352 
{ acidic, 393 
I classification, 352 
I mixed, 393 

I I’olytetrafluoroethylene, 113 
i Polythene, 123 

I Position isomerism, 101, 157, 254 
! [Positive meson, 24 
I valence, 32 
; Positron, 24 

I Potassium, acid tartrate, 258 
; antimonyltartrate, 259 
I metabolism, 674 
I Pregnancy, test for, 699 
I L*regnanediol, 696 
I Prest-o-lite, 128 
; Prestone, 93, 321, 123, 165 
' Primary aromatic amines, 466 
; Procaine, 532 
I penicillin, 510 
I l*roenzymes, 585 
j Progesterone, 696 
1 Ih’okinase, 645 
i Prolactin, 700 
! Prolamines, 564 
I Prolan, 699 
! Proline, 554 
I Prontosil, 469 
j Ih’opaiie, 69, 70, SO 
I Propanol, 157 
! 2-Propanone, 195 
i i‘ropene, 116 
j Propionic acid, 206, 212 
! n-Propyl bromide, 103 
I n-Propyl-carbinol, 160 
j a-Propyl chloride, 101, 103 
! Propyl formate, 216 
ii Propyl iodide, 103 
Propylene, 116, 124, 158, 167 
Prosecretin, 702 
Protamine insulinate, 575 
Protamines, 566 
Proteans, 568 
Proteases, 583 
Proteinases, 583, 643 
Proteins, 545 
absorption, 647 
biological reactions, 576 
classification, 564 
color reactions, 572 
conjugated, 566 
derived, 568 
primary, 668 
secondary, 569 
digestion, 643 
energy of catabolism, 650 
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Proteins—Cont’d 

excretion of end products, ()59 
fibers, 392 
industrial uses, 578 
intermediary metabolism, 647 
isoelectric point, 574 
isolation, 560 
metabolism, 643 
molecular weights, 575 
precipitation, 572 
requirement, 741 
simple, 564 
Proteoses, 569, 643 
Prothrombin, 651, 653 
Protocatechuic acid, 462 
Proton, 24 
negative, 24 
Ih’otopectin, 393 
Protoplasm, 631 
Provitamins, 709 
Pteroic acid, 720 
Pteroylglutamic acid, 720 
Pteroylheptagliitamic acid, 720 
Pteroyltriglutaraic acid, 720 
Ptomaines, 303 
Ptyalin, 604 
Purines, 522 
metabolism, 655 
Putrefaction, 646 
Putrescine, 303, 646 
Pyralin, 383 
Pyrane ring, 246 
Pyranose structure, 329 
Pyrene fire extinguisher, 110 
Pyridine, 513 
derivatives, 515 
dicarboxylic acid, 518 
properties, 513 
uses, 514 

Pyridinium derivatives, 515 
Pyridoxal, 717 
Pyridoxaraine, 717 
Pyridoxine, 514, 715 
Pyrimidines, 521 
metabolism, 655 
Pyrocatechol, 273, 439 
Pyrocotton, 382 
Pyro^llol, 273, 442 
Pyroligneous acid, 211 
Pyroxylin, 383 
Pyrrole, 611 
Pyrrolidine, 512 
Pyrroline, 512 

Pyruvic acid, 224, 260, 614, 617, 

650 


Q 

Quaternary salt s, 300 
Quinacrinc, 537 
Quinhydrone, 273, 454 
Quinine, 535 
Quinoid strindure, 454 
Quiiiol, 441 
Quinoline, 517 
Quinolinic acid, 518 
Quinones, 453 

K 

! Racemates, 257 
I Racemic ('onqKmnds, 257 
mixture, 253 
Rac<;mizati()ii, 258 
Radicals, 31, 68 
Radon, atomic* diagram, 33 
Rafiinose, 349 
J^anciclity, 272 
Rare gases, 32 
Rayon, 375, 385 

j cellulose acetate process, 378 
j ciipranrmoniiirn ]>rocess, 381 
I dry [rrocess, 386 

! spun, 385 

! viscose process, 375 
I wet process, 386 
i RDX, 183 
I Reducing agents, 37 
! Reduction, 36 
I Rejcheit-Moissl niimlxu-, 282 
j Renal threshold, 611 
Renin, 703 
activator, 703 
Rennet, 643 
Rennin, 643 
Resinoids, 542 
Reainox, 437 
Resins, phenolic, 436 
Resolution, of isomers, 256 
Resonance, 132, 411 
Resonating hybrid, 133, 411 
Resorcinol, 439, 440 
Respiration, 589 
Respiratory quotient, 637 
Retrogradation, 362 
Rhizopin, 705 
Rhodopsin, 727 
Riboflavin, 596, 712 
Ribose, 317, 318, 596, 611 
Ricinoleic acid, 271 
Rickets, 728 
Rochelle salt, 259 
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Rodinal, 485 
Rods, retinal, 727 
K. Q., 637 

Rubber, natural, 134 
Rubber, synthetic, 135 
Ruberythric acid, 494 
Rutin, 725 


S 

Saccharase, 607 
Saccharic acid, 325 
Saccharin, 458 
Safranine, 499 
Salicin, 401 
Salicylic acid, 459 
derivatives, 460 
Saliva, 604, 628, 643 
Salivary amykiwse, 604 
inaltase, 604 
Salmine, 566 
Salol, 460 
Salts, 35, 215 
Sandraeyer reaction, 481 
Saponification, 219, 270, 276 
number, 281 
Saponin glucosides, 403 
Sarcolactic acid, 248 
Schiff^s test, 194 
Schweitzer’s reagent, 371 
Scleroproteins, 565 
Scurvy, 723 
Sebacic acid, 236 
Secondary amines, 298 
aromatic, 473 
butyl alcohol, 159 
Secretin, 702 
Seidlitz powders, 259 
Seliwanoff’s test, 440 
Semaphore diagrams, for sugars, 
335 

Seniipermeable membrane, 44 
Serine, 549 
in cephalins, 287 
Serum albumin, 564, 651 
globulin, 564, 651 
Shorthand, chemical, 28 
Silane, 106 

Silicon tetrachloride, 106 
Silicones, 106 
Simmonds’ disease, 701 
Simple lipids, 268 
proteins, 564 
Sink-float process, 111 
Skatole, 516. 646 
Skraup synthesis, 517 
Skunk odor, 163 


S. lactis R factor, 720 
Slipped tendon disease, 719 
SLR factor, 720 
Smokeless powder, 382 
SN-7618, 537 
Snowdrift, 275 
Soap, 276 

Sodium acetate, 215 
atomic diagram, 34 
structure, 26 
benzoate, 457 

bicarbonate, metabolism, 674 
bitliionate, 503 
carbonate, 279 
chloride, metabolism, 673 
molecular diagram, 34 
citrate, 260 
glyeocholate, 629 
hydrosulfite, 503 
h> 7 )osulfite, 503 
potassium tartrate, 259 
ricinoleate, 281 
salicylate, 460 
taurocholate, 629 
Solaiiidine, 543 
Solanine, 543 
Sols, 49 
hydrophilic, 49 
hydrophobic, 49 
Solute, 39 
Solutions, 39 
boiling points of, 47 
concentrations of, 39 
freezing points of, 47 
hypertonic, 47 
hypotonic, 47 
isotonic, 47 
molar, 40 
normal, 40, 42 
osmolar, 47 
percentage, 39 
Solvent, 39 
refining, 84 
Sorbitol, 326 
Sorensen’s titration, 563 
Soya lecithin, 287 
Specific dynamic action, 738 
gravity, 71 
optical rotation, 253 
Spectacled eyes, 719 
Spermaceti, 284 
Sphingomyelins, 287, 638 
Sphingosine, 287 
Spirit of ethyl nitrite, 221 
of wine, 152 
Spry, 275 
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Starch, 354 

chemical structure, 359 
components of, 360 
enzymatic degradation, 365 
importance of, 357 
isolation, 355 
physical properties, 357 
sources, 354 
uses, 366 
Staticin, 510 
Steapsin, 630 
Stearic acid, 206, 271 
Stercobilin, 658 
Stercobilinogen, 658 
Stereoisomerism, 254 
Sterols, 288 

Stock-poisoning plants, 541 
Stokers ’ cramps, 673 
Strecker reaction, 556 
Strepogenin, 722 
Stryclmine, 539 
Sturine, 566 
Styrene, 93, 137 
Subatomic particles, 24 
Sublimation, 424 
Substrates, 581 

Succinic acid, 229, 233, 239, 617 
anhydride, 234 
Succinylsulfathiazole, 471 
Succus entericus, 607 
Sucrase, 583, 607 
Sucrose, 342 
Sugars, 314 
Sulfadiazine, 471 
Sulfaguanidine, 471 
Sulfamerazine, 471 
Sulfanilamide, 167, 469 
Sulfanilic acid, 468 
Sulfasuxidine, 471 
Sulfathiazole, 470 
Sulfhydryl group, 163 
Sulfobenzoic acid, 458 
Sulfur, metabolism, 675 
test, 573 

Suprarenal glands, 683 
Surface active substances, 48 
denaturation, 569 
tension, 47 
Suspensions, 49 
Sweet spirit of nitre, 221 
Symbols, atomic, 27 
molecular, 27 
Synthetic rubber, 135 
Synthol, 151 


T 

Table salt, 36 
Tannin, 461 
Tanning, 463 
Tapioca, 355 
Tartar emetic, 259 
Tartaric acid, 255 
Taurine, 635, 675 
Taurocholic acid, 635 
Tautomerism, 262 

of diazonium compounds, 482 
Tear gas, 453 
Teeth, 672 
Teflon, 113 
Tertiary amines, 298 
aromatic amines, 475 
butyl alcohol, 159 
Testes, 692 
Testosterone, 692 
Tetany, 691, 730 
Tctraalkyl bases, 299 
salts, 299 

Tetrabromoethane, 111 
Tetrachloroethane, 128 
Tetrachloroethylenc, 120 
Tetrachloromethane, 110 
Tetradecane, 69 
Tetraethyl lead, 91, 100 
Tetrahydrofurane, 508 
Tetramethylenediamine, 303 
Tetrazotization, 500 
Tetroses, 317 
Tetryl, 474 
Texolite, 437 
Textile libers, 385 
classification, 385 
protein, 392 
Theelin, 693 
Theelol, 693 
Theine, 525 
Theobromine, 525 
Theophylline, 526 
Theory of ionization, 34 
Thiamine, 709 
pyrophosphate, 619, 710 
Tliiazine dyes, 499 
Thiazole, 509 
Thioalcohols, 163 
Thioethers, 177 
Thioglycolic acid, 246 
Thiokol, 120, 130, 143 
Thiols, 163 
Thiophene, 411, 508 
Thiourea, 309 
Threonine, 549 
Thrombin, 653 
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Thrombocytes, 653 
Thromboplastin, 568, 653 
Thylakentrin, 699 
Thymidine, 524 
Thymine, 521 
Thymol, 445 
Thymus histone, 566 
Thvroglobulin, 686 
^Thyroid gland, 622, 639, 686 
Thyrotrophic hormone, 699 
Thyroxine, 555, 622, 671, 686 
Tiglic acid, 271 
Tincture of green soap, 280 
Tinctures, 155 
T. N. T., 422 
«-Tocoplierol, 273, 731 
Toluene, 90, 419 
Jjalogenation, 420 
nitration, 421 
oxidation, 420 
properties, 420 
sulfonation, 421 
sulfonic acids, 421 
Toluidines, 476 
Tooth decay, 673 
T. P. N., 594 
Tragacantli, 397 
Transamination, 650 
Traumatic acid, 705 
Trehalose, 349 
Triamylamine, 299 
Tribromopheiiol, 432 
Tributyrin, 281 
Tricarboxylic acid cycle, 617 
Trichloroacetaldehyde, 194 
Trichloroacetic acid, 242 
Tridecane, 69 
Trietlianolamine, 299 
Trihydroxybenzoic acid, 461 
Trihydroxyphenols, 442 
Triketohydrindene hydrate, 561 
Triraethyl, acetic acid, 213 
amine, 298 
carbinol, 160 
cyclohexane, 93 
Trimethylethylmetliane, 73 
2,2,4-Trimethylpentane, 88 
2,2,4“Trimethy]pentene-4, 90 
Trinitrophenol, 434 
Trinitrophenylmethylnitramine, 474 
Trinitrotoluene, 421 
Trioses, 316 
Tripalmitin, 269, 281 
Triphenylaniline, 476 
Triphenylraethane dyes, 492 
Triphosphopyridine nucleotide, 594 
Trisaccharides, 349 


Trisodium phosphate, 279 
Tristearin, 276, 281 
Tropane, 531 
Trypsin, 645 
rrypsinogcn, 645 
Tryptophan, 554 
> Tubocurarine, 540 
Tung oil, 273 
Turkey red oil, 495 
I Tyndall etfcct, 51 
Tyramine, 646 
Pyrian purple, 504 
Tyrosinase, 654 
Tyrosine, 553, 654 


I V 

I Ual, 305 
I Undecano, 69 

; tlnsalurated hydrocarbons, 116 
1 Uracil, 521 
I Urea, 304, 648, 659 
j Urease, 583 
! Ureidos, 520 
j Urethane, 309 
Uric acid, 524, 650, 655, 659 
isomerism, 524 
synthesis, 525 
Uricase, 656 
Uridine, 524 
Urinary indican, 647 
Urine formation, 623 
Urobilin, 658 
Urobilinogen, 658 
Urochrome, 659 
Uroform, 305 
Urotropin, 183 

V 

V'accenic acid, 734 
Valence, 28, 31 
of elements, 28 
negative, 32 
positive, 32 
of radicals, 32 
Valeric acid, 206, 213 
Valerolactone, 246 
Valine, 550 
Vanillin, 399, 451 

Van Slyke amino nitrogen method, 
561 

/aporization, 81 
Vascular compartment, 665 
V^asopressin, 701 
Vegetable ivory, 332 
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Verdoliemochroniogen, (538 
Veronal, 520 
Vinegar, 209 
Vinyl acetate, 220, 389 
bromide, .128 
(ddoride, 389 
radical, 128 

Vinyltrimethylammonium hydroxide, 
302* 

Vinyoii, 389 
V'iosterol, 728 
Viscose, 375 
Viscosimeter, 358 
Viscosity, 359 
Visual piir})l(?, 5(57, 727 
Vitamins, 709 
A„ 725 
725 


11 ( 

‘omplex, 709 

\K, 

720 


ih, 

709 



712 



514, 

715 

B„, 7J1 


c,, 

327, 

722 

I), 

289, 

728 


728 



728 


E, 

731 



fat-soluble, 725 

G, 712 

H, 719 
K, 732 
Ki, 733 
Ks, 733 
M, 720 
P, 724 

water-soluble, 709 
Vitellin, 566 
Vorlander^H rules, 415 
Vulcanization, 135 


I W 

I 

j Warburg’s respiratory enzyme, 597 
I Washing soda, 279 
Water gas, 151 
metabolism, 664 
molecular diagram, 34 
Waxes, 283 

Williamson synthesis, 174, 434 
Wood alcohol, 150 
spirit, 150 
Wool wax, 285 
VVurtz reaction, 70, 104, 420 
synthesis, 70 

X 

I Xanthine, 522, 655 
j oxidase, 655 
, Xanthones, 402 
I Xanthoproteic test, 573 
I Xenon, atomic diagram, 33 
! Xerophthalmia, 727 
I Xylans, 353 
i Xylenes, 423 
I Xylidines, 476 
! Xylose, 317, 318, 353 


Y 

Y’^ellow enzymes, 596 


! z 

i 

i Zein, 565 
Zeolite, 280 
Zcrone, 165 
Zinc stearate, 281 
Zwdschenferrnent, 595 
Zwitter ions, 559 
j Zymase, 584 
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